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PART I

F iel d ion Microscopy Stu d ies of the
Interact ion of Hydroq~n w ith Selected Metals and A l lo ys

J. J. Carro ll , A. J. lelned and J. Kruger
inst itut e for Materials Research
~~~tional Rureau of Standards

Washington , 0. C. 20234

1
The entry of hydroqt~r) in to a metal S la tt i ce is known to lead to the phenomenon

called hydrogen enbrittlement for some al loy systems . It is not known , however ,
why some ~illoy s suffer such hydrooen danane and others do not. It is not even
clear wh i ch alloy s do suffer such damage . For examp le, it is controversi al as
to whether the stress corrosion of au ste nitic stainless stee l is due to hydrogen
entry into the alloy ’s lattice or to the mechanisms not involvin g hydrogen.
Moreover , if hydrogen damage is known to occur , its mechan i sm if , indeed , there
is a singlr mechanism , is poorly understood and controversial (1).

Iii order to provide further insights into how hydrogen entry into a
latt ice produces conditio ns that . lead to sub—critical crack growth , it would
he valuable to examine on an atomic scale if possi b le , the rearrangements,
new phase formations and other disturb ances tha t hydrogen produces when it
enters a metal lattice. The possi b ility for ma king suc h examina tions exists
through the use of f ie ld ion microscopy (FIfl) . Recentl y this laboratory
completed a s tudy  on the effects of hydrogen entry into the lattice of
titanium usin g FIM (2). The results obtained by FiFI for the beginn ing steps
of hydrogen entry agreed with earlier eletron microscopy studies wit h reqard
to the crystallo graphic relationships found for tit ariui ’i hydride formation .
In the Ti studies the hydrogen was intro !uced as a gas by using it as an
imaqinq gas. The stress required for hydrogen entry was provided by the hi gh
fields present when usinn FIF~. Hancock and Johnson (3) have ShoWn that in
microscopic systems sub-critical crack growth can he produced in low pressure
hydrogen .

The work described here seeks to extend the earlier Ti study by app lyin g
the Fill to an examination of the e f fe c t  of gaseous hydrogen on a number of
alloys and urani urn , a metal known to suffer ox tens i ye hydrogen damage . In
the group of alloys studied are 1 000 st~el , 304 stainless stee l and Fe-~4’ Cr
alloy .

EQU IPME FIT

The field ion microscope was equipped with a lb  t u r n  d i a u n  microchanne l p )dte
iniaqe intensifier , and a specimen-quick -change chamber for rap id specimen in-
sertion and withdrawal. Rout inely, images frau two specimens could be obtained
wi thin a half an hour ’ s tine . This was an important advantage in the followin g
studies involving the hydrogen interaction with severa l types of specimens,
pure metals and alloy s , subjected to a variety of environmental and prei rnaging
trea tments promoting hydroaen/rnetal interactions . Furthermore , the images oh-
ta m ed were genera l ly uns table , thus requiring image intensification in order
to achieve the necessar ily fractiona l second , photographic exposure times .
The specimen temperatures below room temperature were controlled by adjustin g
the flow of cold gaseous heliu m from a liquid heliu m dewar over specimen-
mount-feed-through pin. During field Ion microscopy reagent grade Imaqing

78 Ot~• ’. i5 °~~~ 



- ~~~~~~~~~~~~~~~~~~~~~ -~-~~--—~~--~~ 
—--

~~~~
.- --- — 

~~~

—-- ----  
~~~
—-------

~~~~

gases were continuousl y flowed through the imaging charuber. Imag ing gas
mixtures were uuiade by sluuu u l taneously opening the appropriate leak va lv & ” ., and
mixture ~ou’ipo~ 1tlons were est ima ted from pressure gage measuremen ts.

SPE I M IFI S

MA TERIAL SPECIMEN PREPARAT ION PROCEDURE

~ nll ~ i am piano a ) reduce dl auiu and taper , 10. HC 1 04wire , lO~O type , in methanol , 15-5Vdc .
high strength carbon b) polish to a sharp point, thin
steel, annealed in liquid fIlm 1% HC1OA In glycerin,
vacuum , 300C , 24 hrs 35Vdc while ohserv 1~g at l OOX

c) frequent methanol washes

~~~. Fe-24~.Cr block from a) same as Ia except 12-2Vdc
which 21) unil diam rods b) same as lb except 2Vdc
were spark cut c) frequent methanol washes

3. 304 stainless a) reduce dia rn and polish to a
steel, 5 uni l diau uu sharp point In 10% HC1O In
wire methanol , 5OVdc OR shar~en tip

in 10% N d ,  aqueous thin liquid
film while observ i ng at 100X

b) water or methanol rinse

4. i ron whiskers a) use thin liquid film of 1:1:2
blade shape N d ,  HNO3, Ii~0, 2-3Vdc ORlot HCL, aqueous, l -2Vac, and

observe at 1 00X
b) frequent water washes

L~~ depleted uranIum , 20 mu a) reduce diam and taper using 4 gun
diani wire , ortho- citric acid , 1 ml HNO3, 200 ml
rhombic phase , H20, 40-2OVac
annea l ed 5 days b) u~e thin liquid film of same
620C solution to sharpen , 20-2SVac,

while observing at b O X
c) frequent methano l washes

1080 HIGH STRENGTH CARBON STEE L

Field Ion micrographs obtained from this materia l showed a high
degree of order among the irnaolnq spots indicating cubic syninetr . FI~ , 1
shows a field ion micrograph of 1000 steel imaged with a helium-neon gas
mixture . Boundaries (arrows) appeared often in field ion rnlcrographs obtained
from this material. Pending further analysis the boundaries may correspond
either to low angle grain boundaries or twi n boundaries , but, for the present ,
the boundaries are referred to as grain boundaries . The metal ’s surface
did not appear to be obscurred by the presence of a surface film. Generally,
disordered alloys and adsorbed metal film s tend to Image as a random array
of spots . More Importantly, interpretation of field Ion uuuicroscopy studies
of the material’ s Interaction with hydrogen may proceed straightforwardly
without the necessity of considering the Influence of an Intervening adsorbed
layer.
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L xp o s  i ng 1080 stee l to hydrogen gas , with or without the preSetice

~t tue e lec t r ic  f ie ld , at a Spec ir~en tem pe ra tu re of about 3~)K, did not
have any apparent effect on the S t  e ’  1 . F in.  ~ shows a hyd ront ’?l f ie ld
ion in j i. rogra ph (no hell tei or neon p rosen t ) of the same spec i men used in
1g. 1 . i’lore surface a tows were imaged usin hydrogen than us i uni hel ium—

110c m gas n i ’. ta rt’s . The apparent gap between grains was lessened as more
atoms appeared c loser to the boundary edu~ The crystal planes in t or—
‘~ec ted by the grain boundary r e t a in e d  the i r defi nit ion and integrity ,
indicatin g no adverse interact ion in those areas, at least. Fi g . 3 shows
another hell urn—n oon f ie ld I on u’uicroqraph (wi thout hydrogen) of the same
specimen iu’v~edia tt ’ly after i t  was subjected to the above described hydrooen
treatment. ~o adve rse ef fec ts  are apparent. Fig. 3 appears more regular
than F ig. I because the imaged area was enlarged by field evaporation
during the hydrogen experi ment thereby “posing more step edges to the
imaging elec tric field.

Expos ing t i taniu m and z i rconi an to s im liar hydrogen treatments in
the field ion microscop e caused micro-cracks and fissures to form in
both metals , and caused crystal planes to appea r ruptured (2,4). These
effects were crysta llographica lly specific in each case , and titanIu m
appeared to be more sensitive to hydrogen than zirconium (4). Clearly,
in the present case of 1000 steel , th is did not occur.

4 A more severe interaction of 1 ~)i~() st~’el wi th  hydrogen was observed
at room temperature . Al though field ion nni c roqraphs show less than optimum
resoluti on when the spec imen is at room tempera tare , one can see in Fig. 4
a general ly gray field correspondin g to an adsorbed film , and a darker
c ont r a  ar ea where the previously adsorbed film was removed by the applied
electric field exposing the l Out) steel substrate . The exposed stee l was
rapidly field evaporating under these imaging condit ions. As a result ,
only a couple of net plane rings were pho tographed hut many more were
observed . On the other hand , the adsorbed film appeared stable at best
iunaqing conditions, with the exception of the interesting bri ght streaks
seen concentra ted in the upper part of FIg . 4. The streaks were unstable
in that they appeared to nuove about the film surface , and to change In
length . The relatively large ion currents giving rise to the bright lines

F m a y be due to ridge formation on the adsorbed film brought ab ou t  by th e
imaging process. Similarly unstable , bright spotted lines were observed
at cracks formed in titaniu m observed with hydrcnqen field ion microscopy
at ‘5K (a ) .  Wi th corresponding ly low temperature imaging applied to the
present case, it may be possible to improve resolution of the room temper-
ature formed film and streaks in order to increase our present understandin o
of this interesting feature .

Fmu rth er f i lm desorpt ion proceeded by exposin g the speci m en mon’uentari ly
to hinher applied voltacios than best image voltage . However , In the wake
of the reced i ng film , patches of newly formed f i lm adsorb on the  freshly
exposed field evaporatin g steel substrate . Fig . 5 shows a micro graph of
the same specimen fol l owing further film clesorpt ion . The crescent shaped
area at the far left shows the rernalninci adsorbed film of Fig . 4. The
newly adsorbed film patches are brighter than the primary adsorbed film
(crescent area), and are unstable in tha t the film pat~hes appear anddisappear with time . The dim spotted background Image is due to the 1 080
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~teel substrate , rapidly field evaporating under imaging conditions.
Fig . €, shows improved resolution of the sane film and substrate as shown
in Fig. 5, brought about by cooling the specimen wi th liquid nitrogen
coolan t.

The general location of the bright streaks on the room temperature
f i lm shown in Fig. 4 corresponds in part, but not completely, to the
adsorption sites of film patches shown in Hg. 5. It is not known , at
present, whether the film patches of Fig. 5 have the same chemica l com-
position and structure as the adsorbed f i l m of Fig. 4. The damage, if
any , incurred by the 1080 s teel s ubstrate as a result of exposure to
hydrogen at room temperature has not been determined .

Additional experiments were attempted in which 1080 steel specimens ,
following tip sharpening procedures , were cathodically polarized between
5 and 10 volts in an aqueous 10% HC1 O solution for a few seconds In order
to increase the amount of hydrogen in~orporated into the meta l lattice.
Cathodic charging adversely affected a specimen ’s lifetime , tha t i s a l l
spec imens prematurely failed during field ion microscopy . lb specimen
survived neon field ion evaporation and Imaging conditions l ong enough
to obtain a crystallographic map of the steel substrate . However , room
temperature hydrogen imaginn produced similar films as those in Figs. 4 -

6. Further studies are necessary to establish the effect that hydrogen
may have on 1080 steel lattice and grain boundaries that are visible with
field ion microscopy .

304 STAINLESS STEEL

Generally, 304 stainless steel did not image as well as 1080 steel
in that most spots in the field ion micrographs appeared to be randomly
distributed . From the few net plane rings that did appear about the
surface , there was not enou gh i nforma tion to crysta l l o gra ph ical l y i ndex
microgr aphs. For example , some net plane rings appeared in the central
grain of Fig . 7 (arrows). The centra l grain was roughly elliptical in
cross section and distinguished from the other grain by a dark, finite
width line. During the course of field evaporation the centra l grain
became smaller in size and finally disappeared . In summary , there is
a modicum of ordered spots in a typical field ion micrograph of stain-
less steel , and evidence that grain boundaries are vi sible.

Stainless steel/hydrogen interaction experiments were carried out
at 30K. lb changes were detected in the appearance of the pertinent
field ion micrographs. The reason for this may be due to the presence
of an adsorbed , contamination layer (giving rise to mlcrographs showing
lIttle overall crystallographic order) interfering or altering the
hydrogen/stainless steel interactIon that would occur otherwise .

IRON - 24~ CHROM I UM

FIg. 8 shows a neon field Ion micrograph obtained from an Fe-
24% Cr specimen . Field Ion micrographs obtained from Fe - 24% Cr and
304 staInless steel (F las . 7 and 8) show similar imaging chara cterist ics ,
only a few net crystal plane rings visible in a field of disordered spots.
Exposing and imaging with hydrogen gas produced completely disordered
field ion micrographs (Fig. 9) indIcating that these imaging conditions
may have produced an adsorbed film.
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Iv ~dOiiL 0 wa ’ ~ ot it ainmed tim5m ~ c m i u l ~~’~ t t i , m I ( lit’ i~~~m~~, ’ ’ , c i t  1 ~~ . , mnm d
u ~~~ I rem” ~m n adsor bed Ic’ , a 1 ‘as t in art . I i ,~ 1 m ) is j t m o ld ion
~lh n ’osi m ’a ph obt5i i m ed I m c i i ’ ’  t iii ’ ~jm’it ’ sj ’ c ’i  i i ’ h ’ T i  t hat Wds used 1mm F n~ ’~ . tt and ~,
but nr Lu lod 1mm a ~ t ’~ u1 i a m’ wa ’, ( m m  de~ it  ~‘s t p ’oi ’i usua l t I i l  d ion mc n’o —

~~~ 0~ii ‘ m ’th t I c e .  me specim en uas s mm ( ’ : e c  ted to a seve ra l  t housand vo lt
‘U I ‘S t ’ Ove n ’  t i i ’ v o l t  a’ me ro om ~~ii ’  I f o r  I ‘mao I i is i  . ~or I rio the pu Iso the ‘g t’c imnen

st i l t  ac e  ima’ , ~I raimi ,,it icaii ~ des t at ’ I i n  :ecl and severa l hundred 1 a’ , em , s were
n’~’ m~’ov~’~t q i m i c h l  by the t i e ld  c ’’, apo rat  ion pn ’oe~’ss . Sta hl T i : ‘ mmci the image

m~ a ii s i t  hes I Im ’ so l t ’ Vol t am ’ . i i ,  1 ~ was ot m t a i ned. The pat te rn is rec iul an
t ’nou~ih to  be cm .’, st aT ioi ’ , ’ am ’ h n a l l~ I nde”,t’d The spe c ii’~e im nay (it ” c lean
encmuilt i t o  reru n I e\am i ma t i ou t  ~f i t s  ii’, si rc i m e ,,  lii t t ’t’a~ t ion in m’mere dot ai  1
Furthermore • t i ii~ pul so f i e ld  n”V d~iOm’a t  l o in t e ch ni  c lue app I ied to 304 ~~~ imnl i ’ss
~.t t ’m’l ma\ pm’ mmdmme e i c p r ,v e i 1’ l e T  ~ m c m i  n ’ m i croc i m’aphs

I ~dN

It Is  knic m wim ( ~~ t ha t  pure iron f ield lou mic rnen raph s show excel  lent
over a l l  order 5 m im t a tomic  clet a l l  on the ( 1 1 ~)) , (1 t0~ (11 ~

‘ I arid ii i i i  her
order i’ . S Ia) pl~u mmes , d’~ i WI t h spec hi) c ’dm ’e t a lo n  to e~c ludo m i n u t e  qu ain t i —

i e s  Ot li’, d rc mq eni I m m the qa’~, p imitSt ’ , t h e  (lii ‘m orvs t a) plane a s  well . W i t h
mi ni 1 (‘ 5ic ~, in’ cmimiid pa rt  i a I pros s urn’s c 1 f hvdrecii ’ mm inn ummtni I,ed , i ~nm pmmm ’nped

n1 ’ I a I va5 umi i ’.m s’ ~ s t ~‘ m ’ Is the ( 11 1  ‘1 p1 ,Ifl t ’ a rea images do not show m e t  p1 dult ’
u . n m m ’ . among the icicyl m i s t sp~,m t ( ~ 

) . See F ig .  11 . The ( I I I  I p1 alit ’ area
ot j i’~,i ~mj i pt ’av’ s ( sm ,’ fl ) Om’ t’ 501151 t I V O t o  hyc lt’cttieil than ot her c r y s t a l  planes.
l’ ,dn’os~e ni lit’ Id ic ini i’ i icr eg m’ap hs of I ron Ohi ~11 ned at $clK, as st mow ni j u n  Fig. 1. ’.

ret a I nod net ( 1 1  C) and (1 c 1c 1 ‘
~ e u ’~’s ta 1 p1 Sl i m e oi ’ i ’ n ’  but t hi’ ( 1 1 1 )  p1 ant ’ a rea

i e~,~ r’!e ‘is ’ ’, ‘ d l  sc ’r~t t ’m ’e~t a mid i i’ iasied more hr I g u t  1 ‘~‘ . However , hi,’&1,~fl*i1’ um limian i m itt
comid i ~ 

j~m m~ at .~~~~~~ ~l id mno t have any las t iu n et f es t 0mm iron , t on ’  wh Om 110011
was ~t mhs t  I t u t e d  t on ’  I m ’ , d ron e mm as the im’nmn lug nas • the ( 111  ‘1 p1 5ine areas
mI’Ll ted I l i s t  and gui c k l c  om ’den ’ e I 5lim m ’ i m it t  fie ld c ’vapo ra t ion as the rest of
( l i t ’  c i ’ ’, ’. t ,n l areas ic ’~aqc ’ f  I i i  5 m i’d ’red fashion . ~o ec ick’ncm ’ 1mm t ime iron f ie ld
ion i m c  ‘ m n 5 i p i m s  tm,i ’’ I O I I I I S I  t h a t  i lit1 1 d ted dot es ~ ~ i m ’ r e s mii  lan ’  i sha ped

i c  ‘ t a  1 ‘1 ,nni , ’s , mii i cr0 ci  ~ick s ie t  e~ t s o t  ~i~j stint it ’~l t I T i ns

Seven s ’  c o m ’ n ’O s i t ’ l l  c it i ro um o~c mmrn ’ed . howt ’ven ’ , when ln ’ onm w as e\p~ St ’ cl
to I I s I s  0 ,ii’it l Umi t ‘. t i f  ,1 i n ’  di:n ’ i ~m s n u neomm f’ ~i’ lii non mn i s i ’ s ’ ”s ’s )j ’ i  . I 1g. ) .~ ~i i&iii s
all I !‘Olm I It~l ci ion c i  ~‘ n ’ os in ’ mpt i  ot ’t ,i I ii’ l  uuudt’r t ho s e conc i  i t  I Oils . No spo t s
~~‘re c mt is t ’ m ’ v e st  1mm the ( 1 1 1 1  m l 5iume arca . i ill c at  i inn t ha t  a ho To or pit
%t , I ’ .  I c ’i’i’i,’si n~ I i i  s~ ~~~~~~~~ , ~mentm5g is , as a n’ m ’~u1 t of profer ent Ia) f i e ld  e’, ape r—

nt lo u ~ t i’ , ’ ,l~ 3 c m )  pr o s l i c 1 t s  a t  S~~’ i l i t’ l c  st t i t l \  it ’ ’.’. f i e ld strength s than
hat resIn I res t I t i n ’  tit ’Oil 1 1 , 1 , 7  nIl .

~~~ fl it !

1 i o m its ’  I a 5~ic’i’t ’. d f I t ’ Id I ~‘ni ‘ii s i ’i’s l ) ’~t~ ’h u t ’ ! a iuied t m ’ c im ’i t m n ’ anm I nun . t int 11
ruo w , nuo orthorhomm nb ica l iv s t  m ’ um c t m mm ’ t’d e I emmnt ’m n t in~m s (u’ r ’ nm S i t s  s t ’55 t i t )  3 1
h i  (ht’ I t o l d  1011 l m m i c n ’ O S c O i t O .  Time in’nd gt’ in F i’i . 1.1 ‘.‘j a s O (m t d  hued t roi ’m a s lu ng It ’
cr y sta l line g rain.  The h one co nt aim ns ‘ manmv m i’v ’~t~~i pla nes ccmn t fnuou~ Iy d i s—
tn ’  I hmm t . e ’d ,utaomi t ad ,joi ni on and syi’i’,etri c~n l iv  di spOsc ’sI bm ’ i t uht  and da m’k ,‘omm t rast
t’ le ld req ions . The prohi em ’ m of cr’ ’s ta 1 loqraph Is a l 1~ I ode’s, jm m g mum ’ami inn t ield
ion i ’ mh. ’ roqraphs has nno t t i i ’ i ’ii rt ’ ’ m )  ii’d . Prm ’sn ’ m m t  1 . the ‘t ra 1mm s m :e of liii’
“ om m m’ct ’  ‘nat em’ I ci i  i s  t o o  ‘.ini 11 to oh to 1m m s m m m i i i ’ n’ ’ , ‘.1 ~i u n  itt ’ S - na ’ , d i t t  m’a c t loin
~~~ t tenn is
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A fter arol ornqed m ath ing us ing hydrogen , pat t eros typ it led t’’~ I . I’
i~ ’ rm ’ ot’t~ m ed. The pat tern shows severa l grain hs m m ummd ~ r i t ’’. and i m ’n’etlu I .im ’ Ic
shaped grai us rand ng between about ~‘ 

,~~) nm~m in breadth. Af t e r  rep) aoi  n i l

7 ’ , d m ’ O g emm I imaging gas w i tIn neon , fo 11 ci3’ .’Od h , Oh s i  dm ’rab le fI t ’) ii ~c d t ’ t ) P ’ sl ( 1 ( 1 1 1

i t  wa s f ound that the small gra I nod s um ’ fa c e lm lmaslt ’ was fo 1 lowed bc a Un n —

toruu i 1 , disor dered i m ’aqe that . upon further f i el 1,1 evapor ation , simout ’d f i l m ’
deso n’pt ion ctmarac ten st IeS As the di so rds red ii inn desorhed an image w i t  Pm
s in I 1 ar cimarac tt’r 1st 1 cs as F 1g . 1 ~ was ex t iosc ’d , The e~’ I cit ’mi, O I lid l c  0 t i ’ s
that the i i  Ic royraptt in Fi g . 1 s was obta li m ed fn’omn a sun’tace hydr ide of

su ~~ni ite m. Support i ncj cv i  dem ice was found by espo s i m g  a u rami I nun spec im ’ m e m m
snow i mug neon images s im’mi 1 ar to F 1cm . 1 .1 , to hyd roqen f it ~) ii ion I mae 1 m m ci
cond it ions . A disordered fi lm ’ , formed i m ’ i m ’ ied Ia te)~ fcn l 1 owed by the gradual

onifl~ t 100 of random) y scat te r ed  sm’ia 11 c lus t  t ’r ’S of bri ght spots • t h e  mmu m bem ’
anti ‘.1 :e of t he c i ust t ’rs I ‘c reas ing v~ I th hydrogen t’’s~posu ri’ t m i m e  . F i n s
ic  ( a ,b~ were obt a I m m t ’d dun no th is  e’sp c’ rime umt a f te r  about I ~‘ and ~d m inut e sof hydrogen f It ’ 1 d ion mmm i croscopy • respe5: t I ye ly . These t i eld I omi ml c m ’osc ~’pv
esper inments imidi cate that  , in t he case of nrami i un mm ) t he p resence of
hydrogen f it ’) d ion i maci inn c o m m I it ions , an adsorbed 1 aver w a s ferm”ed fmi ii owed
( y  mn uclea t ion and growth of ur amnium ” hydride.

COtI C IllS I ONS

Iii the foregoing studi os an at tempt was mma d e to broaden our curren t
kmio wl edge of the I miteract ion of hydrocnemn with pure ni,’ta is  and d l i c ’’, st ee ls
by using the technique of fi el ii ion microscopy. Throuq 5 m the ap p Ii c at  ion
of this technique many nmi croscopi c d e t a i l s  were ot mse m’ved under the es —
per in~men ta 1 condl t Ions i mnposed by the technique. naunme l c ’ hyd rogemi adsorp—

l O f l  s ill field evaporated surfaces in t Ime presence of 1 argo ele~. tel fields
The fol lowing list includes tht ’ present l~ obta ined results. It is apparent
lmowever , that further work is necess a ry j ut order to co mple te the invest i7ia-

I

~1ci evidence was found that I mid I ca ted that 1081) St et ’ 1 was elf ec ted
adversely by its interaction with hydrogen between .l0-~dk.

Al though further experi u’menta ion is nlecc”ssary before t h e  sit nat ion
at room temperature is clarified regarding possibl e l t)8m3 stee l sub strate
damnmag e brought about by Its in teract ion with hydrogen , it was evident
tha t subs tantial fi l m mn adsorption occurred on specimens with or w itho u t
a prev ious history of cathodic char ning .

3 . Contro l e’,pe r im’ it ’mi t ~ with pure i ron hind Ica It’d th a t  a the (iii) p 1 ,mmie
area was most sensitive to hydro gen . as ev idt ’mi ct ’d t’ ’~ a dan’iagt’d sum ’fact ’
1 5uy~’r • and 2)  the (110) and (100 ) p1 aries appeared m m m i ’ I fec ted .

4. Experiments with 304 staInless steel and im’omm- .’.I’~ ch m ’ om’i inrt s tee l
m m d i cate that ordinary imnaqi nq techniques may not rt’vtni l f I ln’m— free
clean unetal surfaces. No s igu’m i f i c a nt  e f fec t s  were Observed using Such
surfaces in hydrogen expe riments. A new t echo i quo was dcv i sod tha t mmd ica ted

6
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that i ron-?” chromium can be cleaned from the strongly adsorbing film
ordinaril y observed. Further work usin g the revised technique is necessary
in order to determine the technique ’s usefulness i n obta ining cleaner
stainless steel sur faces . Hydronen experiments i nvolving cleaner surfaces of
iron- 24’~ chromium and 31)4 stainless steel may show interesting effects that
may reveal the type of Interaction involved , kinetic Information , and the
role of alloying additives.

5. Hydrogen experiments wi th uranium indicate that hydrides readily f orm
by a process of nucleation and growth on a previously formed adsor bed la yer .

II
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1i~~. 1. A fie ld ion miei ’o ir a m h  obtained fro ,~m a 1080 steel specimen , imaged
in a m a c mmii xture of 55 niel l w  and 45~ neo n , at a spec imen temperature of
~~~ 3750 vo lt s .

Fi, . 2. A hydrogen field ion nmicroqr aph obtained from the sam i e 1 080 steel
spec im emm as imaged in Fig. 1 , 25K , 2600 v o l t s . tiote the appearance of two
dark areas near the center of t he micrograph . th are a r t i f ac t s  that ap-
pear in most of the followinn i’iicrogr aphs.
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F i m . ~~. A ~m e ) d  i~~’ i  w n c n s m , ’ m ~°i obt ained t m ’~ i~1 the sai’ie IO~O steel specime n
a’ - I ,n m ~’d j im  F I m . 1 , ~‘i 1 owl nig i t ‘~ e ’ .pesun ’e a the hydrogen i mag m rig con—

m ’ t ’s de’, in ’i bt’sl m m  F 1g . ,‘ , and i i ’ t m ~’d iii a ~~ hc ’ I m m  and 45~ m oon gas
nil ~~ ~ ‘e . ,‘h’ , ~0OO c , i ]
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‘ i~ . 4 . A i~~ st n’ , ’ s l t ’ i i  ‘ no id mo m ,
~i c m ’ mn ’ npli oht am mied t m ’oiim a 1080 St eel spec imeni

a~ m oo’ ’ t , ’i’’ il ,’i ’ i t m i n ’ ’ , ~~~~~ .o I  ‘~~. Se~ t ex t  t o m ’  idd i t lana ) details.
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Fig. 5. A hydrogen f oh I i i  m m i i  n - U l i m I ll t l t . m nod from ii a 1080 steel Spec i~’en
a I. roonrm temperature , H~I v, I t ’ ,.

Fig . 6. A hydrogen I j i l t  m u m  mmm l i- mr , m t s l i  oht i im ied f i s H  the sa mim i ’ spec imnue n
as lumma qed in Fig . h , h u t  m e l i l w m I l i s i u l l  m m m l i  is l n u , 11 ,000 vol  ts .

L 

H 

J



p 
____

F 1g . 7 . A nt’omi I j ’ icl in m i mi n itro q r a t ii i ohta i m ut ’sI t romum a 304 stainless steel
i mi memm , 1OF, , I.’ • 500 vu ’ it ‘, . Arrows I m idm ca I t ’ c rys tm I net p lane rings .

t .

I ii. . A m in mi mi I It ’ I ml 1 t ’ mi iii ,rOq)’a~)Im obt a i nod I m inim a m i n t m ummt ’n nt 1 ron —

‘ -1 ch m ’ mnimi I minim , I 1101 ed al 30k , 14 ,000 volt s 
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Fig. 9. A hydrogen field ion micrograph obtained from the same specimen
as imaged in Fig. 8, 30K , 10 ,000 vol ts.

Fig. 10. A field ion micrograph obtained from the same specimen as imaged
in Fig. 8, imaged ‘in a neon and hydrogen gas mixtur e , 30K, 15 ,000 volts.

13
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Fig. 11 . A neon field ion micrograph obtained fronn iron , 30K , 8600 volts .

Fig. 12. A hydrogen field ion nmicrograph obtained froum u the sanue iron
specimen as used in Fig. 11 , 30K , 6600 volts.
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Fig. 13. A neon f ie ld  ion micrograph obtained fronm an iron specimen
exposed to a sm um all par t ia l  pressure of air , 30K , 9400 volts.

Fiq. 14. A neon field ion nuicroqraph obtained frommu ur aniuu nm , 30K , 15 ,500
vol ts.
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PART Ii To be pub) i shed in Proc”ed I i m s i s  of 4th

I nternd t i omia 1 ~ylu)I)OS i uu’i 0mm Passi vi ty

The Role of Noncryst .all ine h u m s  in
Pass j va t i o m ’ u and Breal down of Pa ss iv a t ion

A. G.
COMSAT Laboratories

Clarkshur q , ME) 207’4

and

J. Kruger
Nat iona l Bureau of Standards

Institut e for Materials Research
Washin gton , D.C. 20234

-

‘ 
1 . IIT RO DUCTIOi

In his 1969 Palladium Medal address , H oar t set  f o r t h  som e “ ru les ”
to serve as guidelines for producing alloy s that would exhibit the best
corrosion resistance because of their ability to form superior passive
fi lms . One guideline of his is to muse metals in an al loy that lead
to the formation of “unm ixed” oxides invo lv incu polyanions which result
in  “cro ss- l inked ummonolithic amorphous structures not containing the
extremely defective grain bounda ry regions of po lycryst all ine mate-
rials ” . Due to the lack of grain boundaries in such a noncrystal l ine
film, the outward moigration of cations is reduced .

Subsequent to this suggestion by Hoar, there were a number of
mm experiments and discussions that have served to bolster his Insight.

For examp le, McBee and Kruger 2 showed by electron di f f ract ion that
as one adds Cr to Fe in an alloy the film s formed go fromnu polycrys-
talline to noncrysta lline structure with increasing Cr content.
According to Okamoto -t “the most important parameter controllin g the
corrosion resistance of [stainless 1 steel is concluded to be the
amorphous nature of the fi lm in whic h hound water is included .”
Leach4 has also noted that glassy films tend to promote corros ion
protection in many cases . He also pointed out that this enhanced
corrosion resistance correlates with the greater ductility of the F
oxide film. Fehiner and Mott, 5 while not bein g concerned about
passivi ty , asserted in a review on low-temmu peratmure oxidation that
“an ox ide f i lm formed at low teum’perature is am’morphous .” They —

have suggested that , depending on whether the oxide is a “netwo rk
formm er” or “network modifier ” ( u s i n g Z ach a r iase n ’ s~ cr ite ,’ ia )* ,
the amorphous fi lii is with or wi thomut a network structure , and
that this structura l difference determines the transport process.

. However , details of the noncryst alline strum tore , particularly in
the case of network mimod ifiers , were not discussed . Lawless ’ has
pointed out in his m’evjew that the low temuiperature oxide films on
Cu, Ni , Zn , and Fe are known to he crystalline. Some aspects of
Fehlner and Mott ’s assertion concerning the foru’mation of
amorphous oxide film on ,i )uum jnu ;m i have been c r i t i z e d  by Pryor. H

tAn important feature of the glass mmc tw or~, is that tu~, v ’u emi a toumns
(ion s ) ferm i M— 0—M bridges , I .e . , thei r ci m om’d i n a t i o n Is two
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Judi-ji r i g  froun the exam umples just des ; u- i bed and others , it appears
that there is increasing evidence i-hat an inmport ant aspect of the
benef icial properties of s ome passive f ll rms are In mniany instances
u-elated to their noncrystal lirm e structure . From the viewpoint of
pass ivat ion , very l i t t le  attention has thus far been given to a
detailed exaniination of what are the structural characteristics
of noncrystalline oxide films on metals. Are there differen t
types of noncrystal linity ? What factors influence the structur e
arid stability i-if noncrys ta ll ine films ; what effect do these
factors have on passivity and on breakdown of passivit y ?

The se q u e s t i o n s  are  also very pertinent to sounme other areas
outside pass ivat ion . Closely related to pass ivat ion is the
for mim ation and propert ies of au modic oxide films , many of w h i t h  are
noncrysta l l im m e (e .q .  Td .,Or,, A l O 5 ) .~ The importance of non -
cn ’vs ta ll inity for oxid es used as dielectr ic films in capacitors
has been po inted out by ilarrop and Cam pbe l l ’ 0 but without
discussing the funclanienta l problems of structure.

Some fundamental questions have been discussed frormu 1 6 7  on iii
connection with SiO - films on sil icon . 1’ This film is used to
stabilize the surface properties of silicon devices ; the
discovery in 1959 by Ata lla et al.,1” that theru’ua l oxidation of
silicon stabilizes , i.e. passivates , its surface, was a crucial
step in semiconductor device technology . Revesz ’3 has reviewed
the surface pass ivation of silicon emphasizing the importance of
noncrysta llinity .* More recently, the work has been extended to
noncrysta lline Ta 0~ films on silicon. 14 ,151n the course of
these studies , concepts and results developed that appear to be
pertinent to understanding the role of noncrysta llinity in
influencing the properties of passive films on metals.

From the classic point of view of passivity , films on silicon may
not seem relevant. However , since the Si/Si02 interface is the
best understood solid/solid interface and Si02 is a non-
crystalline (vitreous ) solid p~ -_ excel~~pç~, the passivation and
oxidation behavior of silicon can be used as a basis of
comparison in discussing more conventiona l systems such as
stainless steel . It is , thus , the plan of this paper to develop
a comprehensive discussion of noncrystallinity using the oxide
films of Si and Ta as a basis and then to discuss the role tha t
noncrystall inity can play in passivity and the breakdown in
passivity in general.

*The development of integrated circuits and , thus , today~s compu ter
industry is largely due to the excel l ent properties of vitreous Si02 filum i
and its interface wi th the SI substra te. This has been a very sophisticated
applications of semiconductor surface pass ivation which is very close i ndeed
to pass ivation of metals.
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2. ~ONCRYSTALL INE_ OXIDE FILMS AND FILM/SUBSTRATE
__

INT ERFA CES

In this section , various aspects of noncrysta lline oxide fi lms
and film/substrate interfaces will be discussed using Si02 and Ta205
films as examples . These two oxide films are used to demonstrate the
inmuportance of bond and structura l flexibility in noncrys tall ine
structures. The usefulness of these concepts will be illustrated on a
few other oxides which are important from the viewpoint of metal
passiv ation .

2.1 The Si/Si0~ Interface Structure

Silicon single crystal is the most perfect and best understood
solid. Owing to its great importance in semiconductor device
technology , the Si/Si0~ interface has been extensively studied . An
important factor in these investigations has been that the
noncrystal line SiO~ films are prepared on a very perfect substrate
under very clean conditions. As a result, the Si02 film s are also
quite perfect. The electronic properties of the Si substra te are very
sensitive indicators of the perfection of the SiO~ film, including the
Si/Si0~ interface , unsurpassed by any other phys icaichemi cal
analytical technique. This is why the Si/S102 Interface has emerged
as the best characterized solid/solid interface . This section is
essentially based on a re- -; i ew ,13 and works listed In the bibliograph y
there are not referenced here.

Sil icon is a very electroposit ive element but , in practice , it
is inert in aqueous media due to the pass-Ivating oxide film. This
noncrysta lllne oxide film forms at a lonarithmi c rate in room
temperature conditions reaching a thickness of about 3_4.16 This
behavior is similar, among others , to tha t of aluminum or tantalu nm ;
but, in contrast to these metals , therma l oxidation of silicon (even
at very high temperatures) results in a noncrystalline Sb 2 film. The
perfection of thermally grown S1O 2 films can be illustra ted by the low
density of sodi um impurity (~ lO ’~ cm-3) and electron trapping defects
(<l 0~ cm- 1), high dielectric breakdown strength (~lO6 V cm ”),
excellent reproducibility , and stability under extreme conditions.

The perfection of the Si/Si09 interface is demonstrated by
the very low density of interface states : ~- -~lO ’° cm-~ (correspondingto ‘- io-~ monolayer adsorbate). These interface states are
associated with unsaturated (“dang lina ”) bonds of surface Si atoms
(which at an ideal Si/5i02 interface should be bonded to oxygen
atoms) and/or with electron (hole) trapping defects In the oxide
film within tunneling distance (<~-l5A ) from the interface. These
interface states may act as l ocalized traps for electronic (holes)
in the silicon and , thus , adversely affect its electronic properties.
Also , they represent chemically active sites and , as Such , they were
responsible for the surface instability effects which plagued semi-
conductor devices before the discovery of surface passivation . In
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this latter sense, interface states at the Si/Si01 interface are ,
to soune exten t , similar to active sites in rnetal/p assivatin g film
interface structures which play such an important role in the
breakdown of passivation .

The hi gh perfection of the S102 film and of the Si/Si02 inter-
face is due to the noncrysta lline structure of Si02. When the film
beg ins to crystallize (e.n., dma rino prolonged heat treatment at high
temperature ) the properties of the film (e.g. dielectric strength)
deteriorate and the density of interface states increases. The
first effect results from the disruption of the Si-O network as
crys tallites form . This process is associated with the generation
of network defects and , later , even wi th the formation of grain
boundaries between crystallites . As was already mentioned in the
Imutroduction , the presence of grain boundaries in the oxide film
leads to the loss of its passivatin g (protective) character. Thus,
a polycrysta lline or highly defective noncrys talline oxide film is
not a good candidate for passivation .

The increase in interface state density during crystallization
of the SiO, film results from the loss of structural flexibility
characteristic of the Si02 film while it Is noncrystal line . As a
result of this flexibility , the majority of the surface Si atoms
can be bonded to an oxygen atom of the oxide without requiring an
almost perfect epi taxia l relation ship between Si and SiO . When ,
however , the Si02 film is crystalline , the match of two structures
with rigidly defined but diffe rent long-range order is poor and ,
hence , the interface is disordered. Apparently, quasi-perfect
solid/solid interfaces can be only obtained when either a quasi-
perf ect epitaxi al relationship exists between two sing le crystals
or at least one side of the interface is noncrystalline . This
conclusion is obviously very pertinent to the passivation of
metals which are usuall y (but not exclusively) polycrystalline and ,
therefore , an epi taxial relationship wi th the oxide film is Out of
the question . Thus , elimination or drast ic reduction of the active

~~~ip_ the_thj s s ive  film ~~q~uires that the passivati~~ f ilm
be noncrystalIine .

It can be seen from the above discussion that Si02 films can
be very perfect in spite of, rather , because of the fact that they
are noncrystalline . The reason for this is that the lack of l ong-
range order does not simply arise from a destruction of structura l
order altogether . Rather , the short-ranae-order characteristic
of crystalline polymorphs of Si02 is maintained in noncrysta lline
SiO -, films , as well as in fused silica; that is. every Si atom is
surrounded tetra hedral ly by four 0 atoms and the Si-O bond length
Is constant. It Is the Si-O-Si bridging bond angle which is
characterized by a wide distribution (from “ ,l20~ to 1800 ) in
vitreous Si0 2. Because of this distribution it is possible to
establish a S1-O network without long range order and without
breaking many 51-0 bonds and , hence , introducing a large number
of defects . This type of noncrystal line structure has been named

20



v i t r e ous in contrast to amorphous noncrys talhne structures which
do not have appreciable short-range order.~~ Fused silica and Si02
films on silicon are vitreous solids p~~ excellence , whereas, for
instance , vacuum deposited SiO is an amorphous solid. The lack
of short-range order in amorphous solids is usually associated
with chemical disorder , whereas the short-range order in vitreous
solids ensures perfect stoichiometry and excellent reproducibility .

The structural flexibility of Si02 Is also manifested In the
large number (9) of crystalline polymorphs which have essentially
identical short-ranne order and almost the same standard free
enthalpy of formation (the difference hetwee m quartz and fused 5102
is about 1 percent); yet, they exhibit significant variations in
severa l properties , e.g., density , bond polarizabi lity , etc .* The
reason for this behavior is that various tqpological arrangements
of S iOj~ tetrahedra of essentially the same energy can be present
in these polymorphs. Thus, similar to polymers , the variation in structure
is essentially a conformati~nal problem.

2.2 Bond Flexibility and Noncrystal line (Vitreous) Structure

The structural flexibility of Si02 polymorphs , Including
vitreous Si02 is due to the flexibility of the Si-O bond. This bond
is partially ionic (%40%) and partiall y covalent (‘~.60%) and the
covalent part has o and ii components.** Apparently, the individual
contributions of these components can vary wi thout significantly
affecting the total bond eneray but influencin g other properties .
On this basis , we can v i sual i ze v it reou s Si0 2 as a network built
up from SlO~f2 un its where a lar ge numbe r of loca l con forma ti ons
of almost the same energy exist and , accordingly, the Si -O-Si
angle varies greatly. The f Z~x i tf Z i ~~i of th~ S -i-~ k ond is thus
t;ze ~ r- i~ - z l  re ason that 3i0 2 ~~~ b~ pre iou ’- -J in t ) i~~ vi tr~~’us

The importance of partially Ionic and partially covalent
bonds in vitreous structures has been discussed in great detail
by Myuller ’7. However , the question of bond flexibility is more
complicated than the considerations of the mixed ionic-covalent
bond indicate . This point is i l lustrated by a comparison between
Si0 2 and Ge0 2.

*Wjth the exception of aluminuni , no metal has a comparable number
of ox ide polymorphs. Aluminum oxide (corundum ) has five polymorphs whose
standard free enthalpies of formation are within 2.5% of each other.

**The o-bond arises from sharing one of the 3sp 3 electrons of silicon
with on of the 2p valence electrons of oxygen ; the it-bond is due to the
overlap between the 3d orbitals of Si (empty in the ground state) and the
2p orbita l of 0 containing the lone pair electrons .
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In spite of the close reseuimblance of geru~ma n iun to s i l i co n ,
t i e  properties of GeO , are rather different f rom those of SiO - ,
even though the Ge-O bond is also a mixed ionic covalent bond ,
rougj ily in the same proportion as the Si-O bond. However , there
is imo IT -bonding in GeO~ because of muc h less overlap between
the oxygen 2p and germanium 4d orbitals relat ive to the Si 3d
orbi ta ls.  As a result , the bond f lex ib i l i t y  is greatly reduced .
T h u s ,  there is orm ly one ~e0~ crysta l l ine polyriorph wi th 4 :2
coordination (hexagonal , s i l ica structure) and the tendency
toward noncrystall inity is much less than In the case of S iO - . The
lack of n-bonding in GeO~ is also partially responsible for the
signif icant solubility of hexaaonal and noncrystall ine GeO~ i n
water. Hence , the  t h i n  GeO~ fi lm formed at room temperature does
not passivate to such an extent as the 5102 film does , and
therma lly grown GeO~ f i lm is useless for surface passivat ion
since it is soluble in water and chemically very reactive .
This difference in the passivation behavior is the main reason
that silicon has replaced germanium in semiconductor device
techn ology .

A different kind of bond f lex ib i l i ty  is exhibited by metals
which can be in various oxidation states.  Thus, for examp le the
standard free enthalpies per g-atou’i of Cr are -141 and -136 kcal mole- 1
for Cr03 and Cr 2 03 , respectively. This difference is relat ively small
so that various structura l conformations of roughly the  sam-ic energy
nay ex is t .  This could be a factor in the formation of re lat ive ly
stab le noncry s tal l ine In addition , transition metal oxides , e.g. Cr~03 ,
may exhibit a departure from the regular structure due to ligand
effects .18 Since both ~~~

- and i~bonding can be involved in these
effects and fl-bonding can affect the stereoche mistry whi le its
contribution to the bond energy is relatively small , a situation
somewhat similar to that characteristic of the Si-0 bond may arise .*
Even without involving n -bonding, ligand effects may increase the bond
f lexibi l i ty . It is possible that these effects are part ial ly
responsible for the important role of H2 0 in passivat ion since H:O i s
a ~ donor ligand. The effects of H~0 will be discussed below, but it
is significant to mention in this cor~~ xt that due to the large number
of delectrons , chromium (electron conf Igurat ion in ground st ate
3d54s ’) can be associated with water as a liqand in severa l
configurations ; this might be an additional important factor in
i ncreasing the stability of the noncrystalline passi vating film on Cr
meta l and in the beneficial effects of Cr al loyinq on corrosion .

2.3 Vitreous Ta~O5 Films and Structura l Fle xihi1 fl~

It is well known that anodic oxidation of tantalum results
in a noncrystalline 1a2 05 film whose dielectric and optical properties
as well as its excellent reproducibility , indicate that there is a

*The 02 ion as a ligand can act as ~ or mi donor. In the S i- 0
bond the role of oxygen can be considered as simi lar to that of mm
donor ligand .
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high degree of short-ra nae order in the structure , i.e., the f i lm
is v i t reous. 9 On the other hand , therma l oxidat ion of tanta lum ,
both in polyc rys ta l l i u t ’ and s inci le c rys ta l l i ne  form , usual ly
results in polyc rystal l ine oxides wi th poorly defined properties .& ,19

Apparently, the thin noncrys taf l ine  pass iva t i ng  f i l m present on
the Ta surface breaks down dur int i theruna l ox idat ion , whereas  i t
grow s further during anodic oxidation . Revesz and coworkers 1

~have found that vitreous Ta -0~ fi l m” can also be obtained by
therm ima l oxidation of Ta f i lm vacuum deposited on s i l icon . This
T a O 5 film is mnorpho log ical ly and opt ical l y  so perfect that it is
used as an antiref lect io n film in silicon solar cel ls  of improved
convers ion eff iciency . This vitreous Ta 20 5 f i lm on si l icon can
withstand prolonged heat treatments without c rys ta l l i za t ion.
Po lycrysta l line Ta foil ox idized under identical conditions
resu lted in polycrystal l ine T a O , f ilm of very poor opt ical
properties . Th ese observations demonstrate that the substrate
plays a great role in determining the format ion and s tab i l i t y
of a noncrystal l ine (v i t reous)  sol id.  This aspect w i l l  be
discussed below , but the fundamental question is: why can Ta~0~be obtained under some circumstances in the vitreous state?

In order to answer this question , we have to consider the
structure of crystal l ine Ta 0 . According to Stephenson and
Roth, ’~

0 the structure of T a O 5 is based on chains of distorted
octahedra l and pentagonal hipyramidal oxygen polyhedra around the
Ta atoms , The coordination o f oxyn en  in th e se conf ig u r a t i on s i s
not two ; hence , simple Ta -O-Ta bridges (analog to Si-O-Si
bridges ) do not ex is t .  Consequently , the Zachariasen rules of
g lass formation 6 are not fulf i l led and, in this sense Ta 205
cannot be considered as a “network former ” . However , it is
network former on the basis of metal-oxygen bond strength.~

s ince the Ta -O bond is %60 percent ionic and ‘-40 percent
covalent , the bond is expected to have some f lexib i l i ty , even
though , as was shown for the Ge-0 bond , this kind of f lex ib i l i ty
is not necessarily sufficient. Additional bond f lex ib i l i ty  may
arise from ligand f ield effects characteristic of transit ion -
meta l oxides as mentioned abovq. This j s probably the reason for
the large variat ion (from l.83A to 2 .60A ) of the Ta -O bond length
in crystal l ine L-Ta~O 5 (the low temperature polymorph) .~

’0 The
structural complexity of this structure is unanifested in the very
large unit cel l that is divided in subcells . ’’ The arrangement of
these subcells and the size of the unit cell depend on heat treat-
ment and impurities such as hydrogen , silicon , etc.; for examp Je,
the unit cell formula at temperatures below l000°C is Ta~8O~0.

The structura l complexity is closely associated with the possibility of
varying the composition (stoichiometry ) by changing the relative numbers
of structural subunits which are structurally closely related hut differ
slightly in their composition ; these structures have been named “infinitel ’,
adapt ive ”” or “vernie r ”~

3 structures. Since the difference in lattice
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eme m~~’, between the alternative structure s arrangemne mits is very lvw , the

~trio us ~~bstructures can easily inter change. In this regard , the struct ui - &
I -Ta~ O~ exhib i ts  a s i nmi la r i ty to polymers and , analogo u sl y,  the var ious

mrram ~~~! ie m mts  of ~~bst ructures t t b e  con s idered as st ructura l c o r i f t r ~
~‘1d t i OilS

I t is very lik e ly that the adaptive nature of the L-Ta ,O~ struct ure
j l i - ~”~ an important role in the formation of no rm crystal l ine Ta 0~ .S~eL i f i ca l l v , we suggest tha t the increased tendency toward long -
ra mi~ e order usual ly exhibi ted by Structures in which the nonmetal l ic
elo ent has a coord i nation larger than two is counteract ed to some
e\ te nt by the structur a l complexit y in Ta -U 5. As a result ,  arra nq inq
the atoms acc ording to the long-range order of the crystal  during the
fo rma t i o n  of the oxide may be more difficult f i netic a ll y tha n f m - i n ’ m
a ~itreous Structure .

Since an interaction with the Si substrate occurs dur in g the
oxi dat io n of Ta film on silicon ,~ it is interestin g to note that
incorporation of silicon leads to increased complexity in the
unit cell of L-Ta @~~.21 As a result of this increased
complexity , silicon hinders the formation of the crystalli ne
structure . Consequently, silicon facilitates the formation of a
noncrystal line structure and may also stabi flze it.

Since the coordination of Al and 0 atouiis in Al 0~ is 6:3, t he
oxy’-ien does not form Al -O-A l bridoes and so th i s oxide a l s o  ca nno t

- - strictly be considered as a network former . However , it was mentioned
above that there are five polymorphs of Al-,03 of not too different
formation energies. The structura l difference among these polymorphs
arises from different degrees of ordering Al atouns in an essentially
closest packing of 0 ions.~~ This structural flexibility is quite
different from that exhibited by 5102 but it could be important in
the formation of noncrysta lline Al 203 as well as in other ionic oxide
structures based on nearly closest packing of 0 ions. Such an oxide is ,
for instance, the Fe-Cr perovskite , which is the Structur e of oxide
films on stainless steel with low Cr-content. 2 It is very like ly
that the structura l flexibility of the perovsk ite structure increased
by the incorporation of chromi um and this could be the reason that
at higher Cr content the passivating film is noncrysta lline .

Therefore it is evident that the most important fac to r deter-
minin ~~~hether an Oxide f i lm can be obtained in a reasonabl y stable
vitreous form i.e., in a noncrysta lline structure w lth a hi~~~de~~ee
of short-ran e order so that it can passivate the underly~~j meta l
is tha t it must have some flexibility . This flexible structure then
allows the formation of localized structura l conformations having
nearly the same energy . These structura l units are essentially
identical to those present in the crysta l but they are linked
together wi thout lonn range order, This flexibility i s more
decisive than the geometric requirements. Clearly , classificat ion
of oxides into network formers and network modifiers is not
suff ic ient .  The problem of noncry~ta11 ine~~,yitreous) structu re is
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fundau’ien tallj’ associated w i t h ~t_he bond/structure f lex ib i l i ty  bu t
mm iany factors im iflue n c in~ the kinet ics pf formation and s tab i l i ty
are involved . Esse nt ia l ly ,  the prob lem l ies in kinet ics rather thai

I
3 . GENERA L CONSIDERATIONS OF FACTORS INFLUENCIN G NONCRYSTALL INE

ST RUCTUR E

It is evident from the preceding discussion that a passivating
f ilm sh o u ld he n o n c r y s t al l i n e ,  p r e f e r a b ly, vitreous in the sense of
having appreciable short-range order. The intrinsic structura l flexi-
bility is obviously an immuportant requireu nent but this can be modified
for instance , by incorporating other atoms in the oxide film, as well
as by various factors which influence the kinetics of the formation ,
self-repair of localized break—down , and formation of passivating
noncrystal line films . Some of these factors have already been
briefly m entioned in connection with the oxide films discussed above
and are systematically discussed in this section.

3.1 Effects of Additives to the Oxide Fi lnm

Concernin g the corrosion resistance of alloys , Hoar 1 has con-
cluded that “we may expect mixed or compound oxides on alloys usuall y
to be more protective than on pure metals because they will tend to be
less soluble and less ‘ crystalline ’” . Additives to the oxide film can
be introduced not only by alloy ing the meta l hut by surface treatments
e.q., ion implantation , as reviewed recently by Ashworth et al. 25 In
view of the discussion in the preceding section , it is obviously
desirable that the additive enhances noncrys tal linity of the passivating
filnm . This can he achieved by increasing the structural/bond flexibility
as for instance , Cr does in the pass ivatlnq fil u mm on stainless steel .
Another possibility is to increase the stability of the noncrysta lline
structure by decreasing the ease of the crystallization ; incorporation
of Si into Ta205, mentioned above, Is an example.

Special attention should be given to hydrogen as an “additive ” in
oxide films . Hydrogen in the oxide film can lead to increased
structura l flexibility by forming M-OH bonds in addition to M-0
bonds. If the corresponding metal hydroxide has various
polymorphs as , for instance, AlO .OH ,~~ then various conforu ,uation s
of the M-OH bond may exist in the Ii- containing passiv ating film;
this results in increased tendency toward noncrysta ll inity. The
N-OH groups can be linked together via hydrogen bonds as in the
case of AlO-OH and CrO .OH ;~ b this facilitates the foriumation of a
noncrystalline network (cf.H-bondinq In organic polymers).
However , II or OH may also weaken the oxide structure in some
cases. The fact, that hydroxide ions of some metals (e.g. Cr ,
Al , Ta, S i )  can form hydrogen-bonded polyiimer (but not Fe , Ni, Cu,
e tc . ) - ’ Is probably also pertinent to the structural flexibility
of noncrystal line films .

Another inuport ant property of hydrogen (water) in passivat ing
films is its role in self-repair as has been pointe d out by Okanmoto. 3
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i i i  s O tt or t us suummt ’wl ua t ous t  I o ’jius to  t Iii rt’duc I m on of m i t  , i  t d i t  l i t
(Jaumq I lug S u botids ) at the’ S 1/510 - u m i t , ’ r t o t t  I’’, t o rm i l u lg  ~-~m - It or S u — Or
t’om i,Is - in th i s i m,l m m n t ’r the i - ,’ t r  t i ye it 0- . ca n  lie 1 i ,st ui ‘u’ I Ito I I ii’
appare nt pertei ti on of the Si/S m U . immt , ’rfo,- ,’ Is I iii u’ u’ ,t’ .t’d .

thi s in ter f ace is uumo rt ’ si mm- i five to dos t ru ,  t lvi ’ ,-t f , , t  . m u
at  io m i \ th a n .i t l lOsi—pt ’ i ’ft i I S i / S O -  m u i t , ’,-tat e where i’rat t h u  h . u )  1
S u a tOu’ms ore bonded to oxy ’it ’ui

it yti roqon may t ie pci ’ s,’m m t e~V,’n I i i  I i Ii’,’, ‘ i m 4  m m at h ‘ I i  t , i i i ;~, u- u t a it ’ - -

under re l a t i v e l y  lean ou u d i t ioums t o m t \ i I l’l(’ . SiO. I mli ’ s or ‘.m I h
‘may c oum t ain SIOlI and/or Si lt groups up to l~) -

~ i i  - .
- ‘‘ k i t i , ’ i i t  l~ a ‘, -o i

hiqh concentrat ion of hydrogen is to  be ~‘~p ,’t te ’,t m u I ml i i  ~
, i - ’. u ’ ~- ,t i m t ’ t

i los formed ,u t room or l u t  agmiet i l i s e m iv I u’o uiu ’ it ’ mu t - I t u t h I s  re- -I ’ ,- , , 1 ,~ ~~~~~~~
shoit 1 d lie com is i d,’re,l as 0 ~‘a i o r  c~mm m s t it  it eu m t t om ’ t lies,’ I I lms t o  t i m I ii i m i

an i
1j~~ it iv, ’ ” - This Is a ve ry i rpu r ta tu t  ari a for dot , u  t I e d  s t u d  m , ’s

3. ~
‘ Su bst u- a I,- I t  t , ’~ K

The diff erenc e iii the oxi ,Ia t lou t  t ’ t ’t t ay i,’u m it  ~‘o 1’~ m ’~ -t a l l  lute Ta
roi l and vdc uu umm depos i ted Ta t i  lii out s II i~ on, dr’.t -r m l ’t ’~1 , u t o ’ ,’ ,’ • d i  i i —
s f r ~j t e - . tha t the s u t i s t u- a t e  in f l mu ’mn i ’’ t l i m ’ s tu ’u i turt’ ot f lit ’ Os m ile I
lu u this part it m il a r ,- o s t ’ , the To f i  ii’; w a s also poiy~ r v s t a 1  I int ’ hut I l it ’
i v s t a i ii te - i  i~ was ver y su~ t I l ( ‘ 1  OOA ) and the I I lm’ m O t s  t io rotis . t i m

50 , vi treous oxide t limi t s fonim~iI . A s u I ts  t rat , ’ et f t ’ I Wa - , ,,I - i - m v  ,‘ l t -
~~

w i th Si0~ f i lms : oxid e fi lu ns grown om i saiidbl,u ’: t l s i n ’j l t ’ s r’, s t a l s i
s ur t ac , ’  had crys tal 1 i tes , wlt e’u ’ i ’,i~ I lie Ii lin q row m u on ‘ m u i t i t i t  - u i t a t  i ’’
were vitreous ) The most s i q m i l  t ic o u i t s i i t ’ s t r a t , ’ et  to rt i s  t lt ~
trenueuidoits ly imicr th lsed torrosi om i i -es i  s I  o m i t . e (t’~ - t ’  oi’d~i’ s of
i !u a qm m i tude) of amorphous meta ls  rt ’ ld t iv e  to  po ly t .  u- ’,-, t a i l  m e  nit ’ta is of
identical composit ion to hi’ d i s c us s e d  be low . Sulis t r , mtt ’ o f f , ’, Is art ’
probably iuuvolv e d in the enhanced com-rOs ion ri’s m st ,un t.e of pum -~’ I t out
which was imp lanted w i t h  Ar i otis - 

. 1 iii is was at. I r I tin ted I t ’  t ime ’
th Ic ken log of the a i r— forum ued ox ide f i lu’i as I nferred I m u m ’  el i t .  Ii i i i ’ t m  i i
reduct ion . However , it  Is possible that t im e s t ruc t ura l  ly d 1 s t  itui’ed ou ’
ev e m u amorphous me tal surface rt’su it I no from the I out bom loirduneum
behaves ~opit ’~ li~i t l i -H a  rly to amorphous m im e t al s - A s~~~~m ’ , - ’ ,u It * a
no imc rysta l lint’ pcm ssivat i nn t l l u’m m a  toru’i with urt ’,uter ease it m - ,
expec toi l that , overt wlm ,’m i the m~m ai ii propose of l o ut imp! an t a t  lu i mi Is ( i i
i u m t  roduce an add i t Ive  whi cli I rmprovcs the i’ass i v a t  ion ht ’ liav I or , sois ’
off,’, ts dtut ’ to sur face d isorder ing lit the meta l  s t r iuc t i u re  w i  II , u u m  s t  -

Guys to 1 nuc lu’ ,tt I(mu rate hit the m’ mm~ u - v s ta l l h i t ’ ‘‘~~ idi t i l t ’ , and .
Ite mm ce , the stabi lity of the m it m i u t rys to h int ’ s t m c  turt’ de’ lmeut , l v L ’ i \ ‘iii Ii
on t ime subst i- a te .  This m dii ,u t i’’. that tit,’ fou’u’ma t b u m  am u d st ah l I l l ’ , i t t
a noumcry s tail inc fI lumi are dt’tt’rr i ned by the ha b u n ’  hetwt ’euu t iti ’ ~~~‘

pet i nq proces sOs n t i ts  growth um m , 1 t u’ys t a l i t  .‘a t bo u t .

3 . _ i Tb iii F Hun 1 f t e e t s

Au m lumiportan t • but fre ’queum t by ovot ’ 1 ooke~l po I i t t  s liii ’ big’!
cat io ns of the fact that pass iva ting films art’ you ’, t t u i r u .  flue usmt , u 1

- - - - 
- .



i t ’ l l ’ , u ,I, -m ,t t mu l t i - , di rt ve~i t roi m hiui l I h’et mov m um am - i ’ ut t i t ut ,’ct ’ssam ’h b y appb tu a l ib i ’
(ii t h i m , I J i m , phe’inmimut’m ma . F or v xam p be , I’ I ‘ii can be t ormmmed at ?Oi) ‘‘I by
an tn t e m - t m  a, ,‘ tea ~ lion t o twt ’eru S I s iths I r,t to and hi t  in ( “m ’v,’ra 1 h undred
4 1 - i s  I m i t t ’, ‘~ I’ ? I m Ii ’ wtmt ’m - m ’a’, * O t t  om ,t I t in to  the phase ii iaqr a imm , t i n’ t’i I i i  inmml m ’m

m ’~~~,’m at ure shout 10 t’i’ ,thovt ’ ‘i)’,i’’(’ - ~~~ Al so • ,)fl D~ mdi. ’ m ng coat t ion
dat ’ to ,‘- ‘, ‘ m , ’ mm 01110’ , l , ’ui I h,’ouqh t iti ’ To - U - , take’~ pla i t ’ at t ho
‘
~ m 11 ,1 i) m t t m ’rt a, e at a I eutipt ’r~u t im ’,’ wit I, ii Is no t ‘,utt m -. le nt Iv

im l ’th to ,‘~~ mdi: , - It~ m ’ t ’ m i t cout . ‘ - Li ui, ’t 1’. rat lieu’ than I hmv rnmod yn oumm i t
0 m m 5 1  tIOI ’,j 1 1  ‘m m ’ ,iu’t’ u-ut lob m u m ti m tim t I I u’m jm lmt’no m i ieu ia whore t Ime

i m m t , ’ m I  ,u ,  ,‘ ~‘ mi, - m - ~~’, t ’ - , ot ten iil , i hm tIutil u l\, ’ muOOO S other emmt ’rqy
I-ian ’ i t ’ l’ ’-

l iii ’s,’ ‘‘ Iii iii I i  1 i’ m t’ i t t ’, t s -- fi j i’ I hu’i’ u oi ’mpb I’. a to t he ‘s i t  ut at I on In
iioui u.ys t o h h u t ’  i~\ lilt ’ t i  liii’, wit h ih 15 a 1 ready t oumup i lea ted Out’ h i  t hi’
lac k ot u•ys I o i l  m l  ty . 1 l it ’ ‘~tm’ui& t in-a l I mtto ru ’ua t ion oht a limed fu’ou’i
\ t o ’, i ’ m ei en t i~oum 0 itt i’Ot t ion is not enough to nba rou t t ’r ~p t he-a ’
ii b u ms . There is a u rea I tueed for its i no I i’t hit iqut’s which gi Vt ’ Iii to r—
imi,j I 100 on ‘.imtmr t  - u’amiq, ’ ou - uim ’m -  ~umd out t he not ui’t’ of the c ht~mu i t a l  bonds

I ud Ii’s shottl 0 t-ompl om’ut’n I o h en t rochemni a 1 i’mt’asureuiut ’nt s . liii’
,m imtple’ ., i t v ,tu’ isi nq I m lii i the (hi mmness o~ pas s I va tI ~ i~ f I los anti I m- orm
h1’ Ic mm t mm i ,  u ’ y ’ , t , u l l l m m m ’ s t i ’ i i u t i j u ’ t’ c~ ui he uutr’ave b t’t1 on! s by u s  m tu t u
sop im i s t i - , ,m I i’d tt ’t ltumht l u u ’’, and • los I as hmn i mom tamm t I , suphit st m , , u  It’d
a utO ifflconv,’mm titi ,m , i b onte pt s ,inml 1 doas

4, NONCRY SIAL 1 INI I ’t AND i’ASSIVI t~

[bert ’ ,ir,’ v~ p- l i - iu i ’- Imi t i lu  at ions th at t ht’ slit ’ ’ lo l  i m m ’ o p e r t  t e s  ( I t
mi , l i m u m ’ ,  st all I i t t ’ Ii bu ’ ms desk i’i bed above O t t  m’ , I t iii’ t , m u - m ’ m a  I lout st aIm h i t
and i-opal u- ,mt i 1 1 1 1  of passi ye t i bu ns . It w i l l  tie the task tm t liii
sec l ion to t’\,luil no (iii ’ (‘V I dt’itt ’e tha t ito m i , rys to lii iii ’ f t  h its prov 1(11’
mmtomt ’ ‘ port m ’i t  ‘‘ pass i ve  f I los ,

4. 1 Fom ’mn ,t t I on of More Pro tec t i ve  l’~s s i V t ’ F t  l~ s

Roti t the rat o ot growl It aut O l iii’ b iu’i i t 11m g t it u t km m o ’ , s ot pass i v i ’
Ii I mmu s should hit ’ ,m t i  en ted t m ’, t he dt ’t im’ t’ i’ ot cryst a l l i u t i  t v - Ib is Is 5 1

bet au’ .t ’ 1 lii’’,,’ t ,uc tot ’s art’ depi’ndoumt out t iii ’ at ’ I i i t  y of an ions or c o l t  m ’ m i ’ -
(cm move t hrough t he ’  g row I tin f t  liii . As pot nt ed out earl ie r • t h I s
ret a rda II out in lout i n mob Iii t ,y on curs bet a ii se itom uc i’’,’s t o  f l int ’ f I liii’ , have
few tf~ fe, 1 s ot’ g ra I n hounula ri t ’s that enhan i 0 1 0111’, uimoveuii ~’it I . 1 bert’
au .t’ a ,miuu ii hi’ r u t  esper i mmmeut t s t Ito t t art tie I ntei’pret eti as sutppor t I m it m
t lit i ( - i mi i  t i ç i t  -

F list , comts id~,’ a s i  t t i~ t Ion whei’e out al I - mv tori’is a uiori~ m - ’,- ’ - t a i  1 i r t e
ii Jut . An ex~umpl i’ i’~ f i t , ’ I ,‘ ( i’ •i)J t m y ’ , shotvmt It ’ , Mt’Rpt’ autO ~o’ ii’)t ’u’ 

- t o
forn mt,’n i i’ ’, ’, I , ihli no II huts on more and umtoct ’ so t - I  OtO ‘t m - a in oi’ m om m t a t  h~~mm s
as t hi’ L i ’  couti out goes up. hum Table I Is showui a ouim p~it’ 1 son of the
1 l u m m t t irtu j t hi kimu ’ sst ’ s t ormt’d In th~ pass I V t ’  Potent i ,u l n,’~I limit on a ibo ~con to limi n g dlii t’m’ m ’n I t ’p’ cont e n t s . I t , aim In’ seen tha t w i t It i m i , t e a s  i,mg
C,~ aunt the b u tt r,’,i’, ) i t ’ l  utonu rys 1011111 1 t ,y I~ t titi’ 11 ,155 I ye t I b u m , t he’ 1 un i t hug
II bun th 1, k i tm ’s ~, ~~ ~li’~ i’ m ’ ,i si ~

q, Mort’oveu’ . ,i s I ito lb It i-,uii ’ss of I hi’ lass I
11 ) u m m t hat lorm- , out aim ,t 1 itt y ‘, mu - I  , l u t ’  is de I’ m ISOtI 

* 
I t s a l i b i it v to pu’ttt ‘~ I

tha t  surf ,it t ’ m i t t - i’ OaSm ’s . ill (i bm (‘i urO I’ ihul imm dl I,’’ ,s a u - i’ , of O u l s e ’ , mm kmr - t ’ ot’m ’,’s k ’ mm
mm ’s i s t ,uu ) t I hu.i,i ,t t ’ i ’ 1 ~iw t i m røuii t tui ’ m Outes



As was men t I oneti above, aumm om pbu oiis a 11 o.ys e ~l i lt ’  II retm i m mkat ’ lo
commas Ion it ’S is  taut behavior • ~ For exai’ ipl e * ha sit iuno to et a ~, ‘~ have
sitown that tite pass Ive current for an aumiorphous Fe —Cr - P—C al lo y  I s ave ,
two orders of tmtagn I tude l ower tItan that for the saimu’ a ii oy t but t has
been converted frouiu a nmeta b g lass to the usu al crys ta l l  I ted umme to)
Siit ’h supe ’ri or a b i l i ty  to lower time pass lvi’ c urreut t doris I ty  im uus t i-es ide
hi t I hi’ superior aLul 11 ty of time f I it m i for umie’d oum the m u met a 1 g las s to
decrease the flow of io n s.

As dIscussed ‘ar bier above , hydrogen appears to  p 1 dY a tmoi ut’ t Id a I
m’oit ’ It t ott u’ , t I nq t he pv’opei’ t ii’s of noncrys to lii rue f I bu ms or t ime h p
ability t o  f o r m  • For exam’mp he , Ti t ores a um m~~

- It more pu’ot o’, Ii vi’ f i b  m m
in wet oxygen as c o;tmpa red to the f I 1 m ’m fori meil iii dry o syqen .“ A it t t i ’ i t mt ’ r
of workers have provided evidence for ityd rogen or “bo nitO water ’’
in ho Ut cr’ys to ill no 011(1 noncrys to 111 no passiv e f 11 ills’ * 

‘ -
- Fm’ t’x amn p l e the

pos Si VI ty associated u-e l th the outer 1,1 vi ’ rs of the pa-~- lvi ’ f ii i’m on iron
was found to depend on the role of hydroqen I n pro m~mo t i rmg the torm io 110mm
of the crystal ii tie — Fe ~0 . Therefore’ * I hi’ role of ity dm ’oqm ’u t uiiay not
be’ only mel ated to the prcui~iot ion of u i o m m c i V S  t 011 1 ii~ t y  Ut’ it S t ’ l t t - c  t on
the structure of noncr ys ta hl l ne ’ f i lms .

4. ~ Res is ta um cm ’ t o  Rreakdowm m

Just as utor tcr ystai ii nit v appears to It,-uv ’.’ some lionel I, hi) o t t Ot t
ott the’ for umia t I mu of a immori ’ proton Ij y  e f I liii in the pass lvi ’ req iou Of
fbi’ onod I ~ po lar iza t ion  curv e’ , there a t e  a iso hod I to t i otis that when
a iumetal is at a potent Ia) above thy un t icai poteu it iol for p i tt iut q . I lie
ability to r e s i s t  breakdown loading to p ittin g or cm - ,’vine ’ ~t t ~ c k I s
eutitanced by the existence of a noncrystal line f ih u m i on its sot-face .
F ig , 1 shows a comparison between time breakdown hi’hav iot’ on Fe (c rys -
I,~h 1 lut e ’ film) and on Fe—Cr (noumcr ys tah l inc fhl u m u ) . [he Sup erio r it ’, of
Iii , ’ nonc rys tall i no fl int wit it re’qa md to re’s I stance to brea kilown I s

m ’ et lot ted l i t i ts grea ten t i umme for breakdowut eveum wit l i e be I umg I lii muter
and bel rug exposed to higher conc emmt rat I OOS of daum m~q int) Species (~ ii l om b tie
l outs). Al so of great interest Is t he 11 nO itt ’: that fo r  the u c y s t  a l l  I in’
passive flints on Fe * one can reutiove Cl ions front the t i l ium h’, rep lot m umi u
the chi on do con I ai n ing solo ti Ofl WI th one that does ito t con to iii c lu lo u - i ti~
whereas for the noncry s to lii no f I hu ’ms on Fe—Cr .  Ilte Cl aumnot hi’ t’ t~tiOV e,1
in a s iumm I lar fashion . Therefore , noncrysta l ii ito f I lumu s resIst breakdowum
by ruuo king en try by dounagi nq species uttore dl f f 1  no 1 t 

* 
but they al so I nit h i t

exit once some penetrat io n has taken place. This wo u ld imply I int l
whereas entry or e~i t of Cl — occ u rs via defects or u - alum boond~ m’ i , ’s hit
crystal l ine f

_
I lumms , it may only enter time noncrysta l 1 iuue t i  humus by Imu ’ c ou mm i i m u u

part of the l r “g lass —i l  ke polymeric ” structur e . Sot h st able s tmui t u t t ’ e s
,ms the results in Fig. 1 show , ,ire both d i f f icul t  to e ut tet ’ ot tO t.ti I f ic t i l
to ex i t .

S m u  1 arly . the breakdown of ci f Ili um It t a u,:re’v ice I s aft et I i’d t m~ I itt ’
crystal i ln i ty of the passive fi lm , Fig . 2 shows results using arm optic al
technique described e lsewhere . 16 

~ shows that as one Increase s t ite Cr
content , the tendency to breakdown as reflec t ed by the c itott qe’ Iii the
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opt i~ a 1 paramete r- , ~ , (m -
~’ l ,i I m vu ’ phase’ retartlo t i i mum 1 is retarded . Ambrose

,uu m t i ~u it ’,’u ’ ‘ h,iv ’ at tr ih i i t , ’,i t ti m s Oem ,-,‘,i s,’ m r i -~ 
I,, the onset of condi tmo ims

iii 0 i’i’ V l u  e t i t o t  it ’~d I,’ t ’ u - ,’ , u k i ! i ’ u i u i .

T~-ao o t t m , ’ u  t i Ii~ at  u i i m m ’ , tha t  ‘,m’ ,-. m y . ’  t m i m i t rys ta l  b m i i i  lv  can affe ct
m - t - ,tk dou’,,m u p - ,- m m i ’v i,i,’,i by th e ’  4 - / p t  ,~ 0ev liii ’ ,uut ( 1 We’) 1- , ~rtd Ok,um’ i~mt ~m

the m o m — i- ,- ,-  , m t ’ - ,t ’ u ’vi ’d th,i t mimi  i t ’  m i m e o , t i - , , -0 I i - ,uuse mit Lprt ’ak dowu t of the
Ii m ’ms Ot t  OuiuorpfmO us nm, ’ t , u l s  , p u e ’ - , i i i  a l l y  (uui lu tt i ’ u - I i u - ’tat 1011 ) bet ansi’ th ese
m l  inn s ~ t ’i ’ t ’ imont r y s t o l  l u t e .  0n~ o t~’. imtt ’t ,u I - - w e ’ m i ’ t rv ’ - t a l  1 lied by hea t
t u ’ t ’, u tm mi ~u u t  . hu mu-R ’v i ’m , ~~t t l i m i t I o,,I l i i i ,  o , p ,- , -- ‘, trotI y tie ’, ou st’ tue f l i r ts
foruitt’d oct t ~~

- i -~ —,t a l l  liii’ s t - I ,  ,m I t ’ w , i - nil 1 ‘ m i - u ’ e u ’ , ‘,I a l i m i t ’ . 01,oum mo t i m
- J m , i w , ’ ,t too t ti n ’ mmi jit t I h u m  t m , ’ t m  p t It  t im e 1 j it  t i i s l t ’ui i  Ii s t a i m i b i ’ s s
- - t m’ o I ~ uu i i lii Lit ’ di’ , ,‘* ‘~~ s o,l 1 1 m l  ‘, i t ,m, t t i -

~ 
- - ‘ ,i I Ii t ie ’  I u li ii’ m~ ’ a nuuea I

T h i s  t i ’ hm , m ~ u t i m - us  ~~~ I v I ii, - ,
~~p tu -  i 0 1 ’  IS , ’ ?  I ‘ ‘~~~ Iou 1 ron by /u’ml~r’oso

, u mm , i k,’ u’ iep’ - - ‘ i-~ i, t o u m s l  I ia I ,,t mi ute ’ ,m Iii ’ i in , - i - ,o , r i t -  ‘ i i i , ’ I l rt’,mkt1uu ~,n
tu md ut (ion t h i t ’ liii ’ p m I t t  mi , i . A 10 ,4 - , 1 - i c ’  ‘til l cu lt h u m  I ,m u I host ’  o ppos ite ’

l’t -mma i  i u i ’ , I ’ , l ii i  , u mmum t ’a ii r i  p u u i i - ~u i t . ’ ’  m ry’ , I a llu: _ u t i t e m i t  liii’ tutu, p - v ’  to lii ne
i i  lu’t on tm , - ,u u - , , - i t  i~ s a m u le ” ’ , ste. I , i i ,, nm ’m i i  - ‘ut 1, -a e u  ‘- m u -u by prov I din g

mmmore pot ht~ I ,‘u ’ m l  m m i i,- , ‘s  s . I- or t ho l i v  - - ‘ a II ‘ m i t  - i b itt ‘ii, I u ’  , ittmwt’vem ’
, u um umea b l u g  m , - i - s v u ’ s de li ’, Is 5i~, Ii 0’ ’ ,itio,i yOu ,im tt i i ’, ,~~i ,l t ie ’t ’(’h ’~ makesu rum re’ s - ‘ at  Cl a mm d li mit s li - i ’ m de iv ium m m mc ’,’ 0 m I t t ,  t i l t  -

.2 . dii, t u b  t t ~

I 1 m m ’ I as t se ’ , I bee t was coni yrne’ul w m th mti m h u o l  t’u’t’akdowu u - there m s
a Is, t ime’ h ums ’, b i l l  it y u t  i tt’ , t man ica 1 l i m o  I thuw rm t he’ nutp t ore’ of ~‘,u ss lvi’
I i l m ’ is t ’\  ,u~m 1i lied s t ro’~ s . Th i s fort’ m t bre,i i dowu m Is of great iu-mp or t arm ce
for stress ~ ot’rosi ou t i’a~ 1.1 ,111 of ti t t ~ t ,u is . Norm , i - v- I.t ) l iii it y of pass lvi’
I i i  mis ~. ar m ploy ott I u’mpor t , a mm I u - ti le ’ ,m ft e, t l ilt) lb i s k 111(1 of turea idown throuoim
it s  jp iflt tent - t’ on time ‘hit - I j i l t  ~ of the fi lrm . A eon,’ du ct ile f i b m ’ m would
it avt ’ a be t ter h aiti e for  avo hill no unechaut 1 cab breakdow rt . Vermit ii yea ‘~ has
-,t at ed, for exaummp ) o , tint t stress corros I on ‘, rack I miii Is not pos si tile if
ti ti ’ pa ssive f i lrm is p las t i ca l l y  ducti le . II should be pm Inted out a) sum tint i some
t h~’or It’s of u -)teu ’m j u-a l  brea kdown 1 ead inn to p1 1 _ ti umq a I so t ies to la t e ’  I I 1mm ,
nitp t un’ by hi’t~h t O b  fort i’s ”0 , ,mnd t it us dot - I i ll ty utma y be important f i-im-
oi l  torm!ms mit hne’a kdown

Timere are some i nO i cat ions in the ii tot-a Lu no t ima t dog roe’ of
p - v  ‘- 1 , 1 11 liii ty does affect  f l int duc t i l i t y , hlutia t au tO Ve t- mi l,yea ” showed that

,tumoti Ic T a - 0 , Ii luns los t their ducti l i ty after crys to ill .‘at i on. Bubar
ontO V”rmi h,yeo ”” ,ul so h~V t ’ simown t itot t itere i s a wide variat ion in the
,l~ i t i l l  I v of passive f l i r t s  formed on a umuuuther of ut metal s . F I humus formed
,u um T,m , wit I cii is kutown to form noncrys to Ill rat t l imi ts  , cxii i iii It ’d di ’ fufl - —
itia ( lo ut s of ~ms mmuuch as 50- before frac tore - A l  so , the pass iv e fi i m mm on
304 ‘- t ain l ess steel  (noncrysta h 1 m e )  exh ibi ted bet t e r  d u c t i l i t y  th~ im t hat.
oum i, ry’~ f a lii tie i ron . Al utim I nuimu, whi cli may m) r ut t a y not foe’umm nonc rys to 111 tie
m m  lmmm s , formed f I lm’ms less diic t i l t’ tita n those oit Fe . Leacim ont O Neofo Id” ‘

imowe’ver , found easy tie fomma t hon of f I iris on A ) under out app1 led f ie ld
i t is thos niot m ,‘t-t ,t h ut that the duct l i l ly  of passive fi bu t ts ca rl only he
i It - i-i ho led to umo umu rys to i l l iii t ,y . Other f a m  h i t ’ ’, such as the presence
of imyd roqen in t h e  f ii mit may a iso p lay a C Oi’tit h i u~ t i uiq rut be -

,~‘‘2 
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4. 4 Re’liassivatbon

t-lhe’n breakdown occurs , repass I vat i out no to can t p lay atm important
role’ in detenm’mininn whether pa ss iv i t y can hi’ restored or whether
localized attack such as crackino , pittin g or crevice corrosion can
be In tl t hated - Tlmore are no d i ret; t experiments to our knowledge that
h rmd icat e that noncrystal l im ie f i l r ms reform” at a greater rate than
cm ’y s ta lh ine  ones do , butt one can obtain indications of this if one compares
the repassiv at ion of low c a rbon steel (crystalline fil m ’m ) to austenit ic
stainless stee ! ~noncrysta1 )ine fhlt ’u ). Using the technique of triho-
ehl ipsonm etry ”” ,~ ’, Ambrose and Kruger have obta i ned repa ssivat ion ratios ,
Rt’ , for these nmetals. Rp is a measure of the efficiency of repass ivatb on ;
it is time ratio of the total current during repassivat ion (the current
cons is ts  of both dissolut ion and f l i r t  growth components) to time thickness
of the reformed passive fu r’ for a given instant of time during the
repassivation event. Fig, 3 shows that the time of re passivat ion and
the ummagnitude of Rp are considerably l ower for tu e stainless steel
than they are for low carbon steel. These results titus i nidicate that
the rate of passive film renrowth and the effectiveness of retard i nm u m
uttetal dissolution are enhanced for alloy sutrfaces that form noum-
crystalline films .

~~~. CONCLUSIONS

Owi umg to time back of gra lit hott umd ari es , nontcrys to 111 ute ox mdi ’
f i lms have better passivat inq propert ies than polycrysta l l  into o u me s.
Bond and/or structura l f lex ib i l i ty  is an irmport aimt - factor in deter-
mining the abil ity to forri a rioncrysta hhlne structure and its
stability : This point was dermonstrated by the example of vitreou ,us
S iO -  and Ta 20 , as well as by liqand formation of transit ion metal
ions. The f lexibi l i ty of the noncr,ystal l ine structure ensures a good
accorm~iuodation at the ox ide /su bstra te interface without reqt uirinq arm
ep itaxi al relat ionship. Such an interface is less prone to chem ica l
attack than an imperfect one. High degree of short range order in
vitreous oxide film s also contriheute to their chem ical resistance.
The flexibility of the structure Is responsible for the iuicreased
ductility of uioncrysta lline pass ivatinq films which is crucial frommm
time viewpoint of pittin g and stress corrosion.

The structural/bond flexibi lity and , hence, time tendency toward
noncrysta hlinity can be increased by additives ; the effect of Cr iii
the passivation behavior of stainless steel is an exau’tple . In t im i s
res pec t , hydrogen also plays a great role by forrminri M-OH groups,
hydrogen bonds , and I-i~O liqands.

The formation arid stability of noncrystal ilne Oxide films is
a kinetic rather than thermodynarmic prohlenu as denmo nstrated , for
instance , by the influence of substrate. Due to the increased
stability of noncrysta lhine passivatin g film, amorphous alloys
exhibit orders of magnitude greater corrosion resistance than the
polycrysta lline alloys of identical composition .

30

.t

IL
—‘----‘

~
‘—‘--——‘—“.---“—‘ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —--- --- ---



- —~~~ - 
- —

~~~
-

~~~ ~~
-

~~
- -— -

Thmerniodyn aumm ic and oth er co,tcepts used in connection with bulk
crystalline solids are not a priori appl icable to thin and non-
crystalline p assivatiru g filr ms . Many aspects of thin noncrysta lline films
are deterumtined by unique interface reactions anmd unique properties of a
ntoncry s ta l l ine  structure.

There is evidence in thet literature that noncrysta lline passive
films are 1) uiuore protective , forming films which exhibit l ower l iumu it in g
thick nesses and lower passive current densities; 2) more duct Ile, 3)
less susceptible to breakdown by dama ging species and 4) capable of
reform i ng at greater repassivat ion rates than crystalline films .
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F i (in u-e (‘al it bo ut s

F i i i ’  I — ( ,m ) ~~~~ tro — p l 1 ipsouue t r im rneastireu’~’ m m t - . mit c han m im e s in  .~

~- 1 ,mt i ’ ,i ’  (i h d ’m ’ ri ’tardat ion , anm( 1 ‘+ , rel at by e at impl i tude
r ’tjm i~ t to i l  • t i l l i r m) m m i t  tt’r m t  iodiui: t i (it ) t i t  0. 005N c hb on- ide

0 1 , ~ iti j rt’i1wm ’~ a 1 1 it chi ~m- i di’ t rotit hi’ —~m l it t i on .

and c mj r r m ’ml t a ,-e ‘—,i ’ m ’ i m to I’m ’ t turn to ntorm’ ia 1 pass i Ve va 1 ups
miii ’, m’ m b oct 3’ to ri is removed . 4 10 nit - i wav e 1 emm q t 6 11 qht
w as t j - ’ i ’d - I m~ s ( 3-1

(t i ‘‘ t t m m ’, t m~~m — ‘  I l l  ps( 1L- ’ t  m ’ 1 u ’ ieas urpumiu’nit of i bma n tqes i Ut .\

t i m  i i’ 2t~ i i ’  j t  tu ’ m 1 um tr od uc t iu mm of 0.0~(N ch l o r i de
p ) , and p m ~’1o~,u 1 u t  chulor ide t rormt so] ut lout . ,~ and ~

ru’ t i m  ,‘m i t um pa s c m  ye va lw ’s once ciii m i i i di’ b outs are
.~ ‘,Li mi~ w ,uv p) m ’r m g f Fm 1 i gu t was us ’d - F rom ’t (35)  -

F m u ~ 
- ,‘ - ) mauuQt ’’ , m i m i ’ l it  Vt ’ ( ) l,t ‘~~~ ret arda t ion , ~~~~~~~~~ f tu uic t I nim

~ t t l i m e  ii’,i- - i ur i ’d ~ t t h i m  a i, revic i ’ , us ing a glass p ld t m ’
t~ ~~~~ t S  - m - e v t c m ’ t 1m~ Fe— l4 ’Ct - arid F t — l 7 C u - a l l o y s
e ~ 

pe sed ( 1  1 N ‘
~ ~u 1 so b tu t i on . F rot’i (36) . - :

1 u m n u e 3, (em ’ip,uri’ -~Ort he’twe~ rt the va r iat ion iii Rp repass i t a t  m p t t
rat m ~i dm ’t m ’ml” l neil (1’,- t,’l hod ii psom’tet ry I i t t  1 N N,u~ I

-‘ I a 1 mm Ii ’’- - - s teel (F rom’t 361 and 1 ew ,u n-Ii ,i m i si en? I ( F r e t
S ) -
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TABLE I — Va ri atiou m in) Li iu miting Fi lm Thickness As A
Function of Chrouiuium Content (from Ambrose and Kruger ,

unpublished) In Iron Chromium Alloys and Cryst alll nit
of The Passive Films Formed On These Alloys (from 2

% Cr Degree of Limiting
Crysta llinity Film Thickness

- 
of Passive El _____

O Well oriented 36
sp inel

5 Well oriente d 27
sp inel

12 Poorly or i en ted 21
spi nel

19 Mainly non— 19
crystall ine

24 Completel y non- 18
crystal l ine

36

.
~
~.



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1::
31 

~~~A~ded ~~ Removed Added Removed H

U Ii
VI

0.2 —
_____________________________

0 40 80 120 160 200 240

TIME ( m m .)

(a)

— B6.5~~0

~~~~~~~~~~~~ 
0 0 0

0 0 0  0 0 ~) 
0

‘1 860
Chlor ide

___________ 
Chlor ide

‘

~~~ Added 
— 

~~~~~~~~~~~~~~ Removed~~~~

X:4500A
24 0 0 0 0 0 0 0  0 0

o 0 0 0
0

000

~~i 23 - 
Fe—2 O Cr

0 40 80 120 160 200
TIME (m m .)

( b )  

~~~— - - -~ ~~~~~~~~~~~~~~~ --- - - -



_____________ - —-  -,—- -.:-- ~~~~-— - —--- ---- --~~~~~~~~ 
.~____ ._ ____,,~~~~:

—
~~ 

- - —---
~~~~ 

- - - -- --— - ----.—--- -
-—-- —

~~
--—~~~

-----,-—---- - --- - -—- -

- 
.~~~ 

,-) 0 .
~~ o~—

— 

0 1

0

—4 0/

rn / I -

p..., .
~~~

-‘ 0
/

p C.) 
-

a2
C)

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - ~~~~~~~~~~~~~~~~~ -~~ -, -
~~~

- - - -
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _



____

ii
3

~ C V

“-3 .~~ 
a) cD o

r ~~~r

0 -

u)r
—1 0

I
rc)

_1

I
P1 2

r u

zr
P1
U)
(I)

39

~

——-

~ 

- --—- - - - - -  -~~~~~~~~~ — - ~~~~~~ 
-—--

~~~~~~~~~~~ - -- ~~~~~~~~~~~ 
-



I1A}(T I l l
I o he subtiub t ted t i to rro’ , I tnt J -

F t  tec t of (hn -oumm i t u i t u 0e~m I et lout ti nt t me kelma’,’. I v a t  tou t  ~m u te t  I u s  of
18— 10 A u s t e n u u t i u  ~m tcu iu t I~ ’- ’, ~‘ft ’u ’ 1 u t  ~,m diit i ( t m l , m t i t t ’ Sojtt ( uoi t ’~

Johnu R . Attt t i u- o se
Nat i out a 1 Bureau o t St ~uu u d ardsh i us t i  t u t i’  to r Ma t e r i a l ’ , R ’su ’~ u u  Fm

Was lu I rtq t a r t  , I) - C 20, ’ ~4

I\ reat debt I of m t  t o u t  h,r s Imee mu d i m m ’ u  ted t oward u b t a i t u  i uuy an t u n ud ’ , ’u
st anding of the m e l a t  Iummts h l l t ti t, u t d l m l m ean — s to m ’ s l c t  kiu’ttvi ’t’g t tim e Si t’ ,u ept lii i l i t  v
of A IS1 304 austeru i tic st ai u t l e’ ,— st em ’] t ot- i ttt t u sjraruul ,um - s t u m ’’,~ corros lo m u
c r a c k i n g  ( I SCC ) and the t en m d em iu ~ for t h i s  ( m , u u - t  i ’ ,u  ar a I It m y to ht ’ (o mi i i ’
sensitized as a ru ’sul t of wel din g Oper- ,ut ion s. The iu t u pun- t a ut cu ’ ni th is re—
lationship has hu — e u t  d ettuo n u s t rated upouu ca ret ul uuua by ’ , i s  nt the p iu t ’u u omi mou mo bo gy
of fai lures of A 1SI -01 pip e m tt a t t ’ m - i a l  t ’ \ ( m tm ’ ~ ’d to it igh put - i t y  wat e r  iii
BWR nuclear r’ t’,u tor sy ’  t u ’ tr m s ( 1 ) . h u m t be st’ ‘- ySti ’tits , I ,ui Iui- i ’ O t t  ocre d u i  t iter -
in the hea t af fected IOm iu ’s (HA!) ot wt’l du ’teuu t S 01’ u r t  st ’v t ’ u - t ’ F y  turum at e se im si  Ii .‘ m ’d
material.

Al though it is hut one o t S t ’v ‘r ~i 1 s uqqes t i’d uuue - I t a u m sli ms , I i m u ’ Idea 1 ito
tire occurrence of carhi des in y r , u i u u  houmud arit ’s as a rm ’sii b t of lm ’ t~mu , mp~ u’ heat
treatmen t ca nt ht~ re lated t.o t imt -’ ph~’ n ou m t m ’ u t ont of ‘.i’ t t ’ , 1 t 1  ,‘,t t  1 Oit 1’ , um uo s t l r t t m ’ u t ’’, t l i l t ) .
The forina t i tin of titt’se tmieta lii c cii u -b itles i s  prt ’cuu mu~b I y a ’. ‘~o u I t1  ed w i t  it a
corresponding depli’ Lion in ch t - o m r m i utit i n ~u u - i’as Iuim uited i ,t te l y  ~ud t,i ’, e t t t  tim flue
grain boundari es where th e pa rt . i c i  i ’S Im av u ’ f o m - m ’ i i ’d - Pt’pt i’ t be rm ot Itro m iti t u ur m t o
concentrations below that rt ’g uuj red to Sus t ali t passivity wo t u l ’ t  a, ot i u t t for
uuuany of the pt—op e u’t i es wit i m,h im av i ’ tm eu ’ mt d I spi ovt ’ ti by tut u ten i. u I w it u m ii tm~is beeut
sens it i zed .

However , the i t ’ )  at . i outs it i p between I 5CC and s t ’ tm ’ , i t  u :a t ton tme~ ostue’, mince
comp lex if it is cons j dered ti td t se mm s it i za t ioim appears to be a n t ~’ t ’ ’ .Sct i ’~
but not s u f f i c ieu t t  cu - i  teria for cou t t ro l l i u rg  ‘~m tsueptibi 1 it ~ ot  A I N I (1t.]

stainless stee l to I SCC . This cc mci its ion an s t ’ s  fr &tu tm t hi’ t a~ I I ha I on I of
souuue 17 .000 welds , 1 ess titan 100 have expt’ri i’tt cm ’ d a r m t a i l  l i t ’ i’ - I Ito’.
techn iques wit I ch utueasur c ott ly dt ’qr- t ’ t ’ of sens i t I za ti Ofi W i 11 ito t ute m ’s’.at i 1 y
yield infor umm atiort by which susceptibility to 15CC cart hi’ ascertained
(i . e. ASTN Sta n dard Procedure A— 26 2 ,  pm-ac ices A, (‘ , ~ittd I ) . A n t t t t i u t ’r
parameter which has been shown t i m  be related to the s uscept i hi li t  ‘, of a
umvi ten a b to stress corros I on c r,u k I no is t he rat - a t  wit  Ic It a b u  l’ i’ umue t a I
surface will ru’pas si vate In the env I u - om ut ’ r e n m t to  wit I rim i t  h~~s been i ’ ’ . (u m ’ . i ’d -

The rationale behind this rel ations itip of SCC to rm ’ pas ’ . iv a t iouu k i n t e t  u s
Is Incorporated into the mtt echan i suit desc r i  bed lit o titer ptuh 11 cat b it ’- (2 , 3

It has been known for souure t Iui mm ’ t Fua t overall i o t - u - o ’ .  ) out ri’s 1st  , i mu ~ e of
stainless steels is related to the ri r mt rm ’ mt t rat le nt of ltrot tui ut ti b u t  Pie al l o y
and that a nii ni nmti un C oncen tra t i out of u Itroun I uuui (aiupro ~ i na Ic 1 y I . ‘ - I i s  ri ’ -( t t  i red
to rura In ta 1 i ci PciS Si ye cond it ion. It a I su l has beeut s i townt l i s a  t a i t ’  lo t  1 o tu s is ip
does exist between repassivatio nt kinet ics and sttst i ’l l iii s i l t y  t o  5 5 1  t i m  Al si
304 aus teni t ic s tal nit’s s s tee ls (4 1 . What i s ut o t  know nu . ht m~a ‘yen’ , - - w iuci t
relationship exists between 1) t h ro tmiu n t depi ct io n u of diu st e ut i tic st ,m i uu I~’ss
steels and repa s s i vat Ion k I net irs i ni —win t i (iris ku tow ut to t , t t l s i ’ St C and bet w e t- mi
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2) sensitization and repassivatioui kinetics j im these env ironments. This
paper describes the results of a study into the effect of chrou rmit sn t dep ietiou m
cii the repassivation kinetics of Fe- lRCr- lON i auste ruit ic stainless steels.

E xp~ri nienta 1

As described in a previous report (5), ci series of ternary Fe- l O Ni-xCr
alloys were prepared where x was varied between 3 cu d 18 weight percent In
increments of 3 .  Although corusider able effort was expended to retain time
austenite structure in these alloys , the fina l struc ture in all speciuutert s
other than 10 - C u - was a nnartensite -Ii ke phase dispersed in a ferritic stee l
utatr ix. There is, of course, the question as to what effect the alteration
of structure would have on repassivation kinetics of a particular alloy
composition but this will have to be deteru mm ined at a future tiumie . These
studies should , however, provide insi qht into how alloy cornpositiou is
related to nepassivation kinetic s .

Cylindrical segments were cut from the prepared rod umua teria l and
mounted in a Buehler expoxy mouunt. The finished spec iumtens were drilled
and trapped for electrode assembly. Repassivation kinetics were deter-
mined using a m odification of the tnibo--elli psornetric technique in which
the anodic current decay was recorded as a function of tinm e on an oscil-
loscope . All experiments were performed in a l .QN NaCl so lutior m iu i which
rio attentpt was made to deaerate the systeun . Measurerruents were made for
each alloy at its respective corrosion poteu itia l and at several other
more noble potentials, includin g values above the  critical pitting
potential of tha t part icular alloy .

The experimental procedure in ea ch instance was the saune : After
electrode installation in the electroche utsical cell and cennection i of
electronic leads , solution was added to the cell and the rest potential
allowed to stabilize. The tnibo-ellipso metric abrasion apparatus was
activated and the meta l surface abraded for approxitm mateiy S seconds follow-
ing which the abrasion wheel was retracted and repassivation was monitored
by recording the current decay transient on an oscilloscope . The process
was repeated for a given alloy potentiostatted at severa l more noble
potentials. Solution was changed for each alloy and the exper imental
procedure repeated .

Results and Discussion

In figure 1 are plotted current decay against tiu um e for the Fe-i8Cr-
bONi alloy at severa l potentials. Curren t decay kintetics were virtu a lly
independent of applied potential. In FIgure 2 are plotted results from

• repassivation kinetics of Fe-l5Cr-bONi alloy . Init i al curren t decay
kinetics are Inde pendent of potential , but above the critical pittin g
potential , at 249 mV SHE , current decay abruptly slows as onset of pit
growth begins . Results are not shown for the Fe-l2Cr-i ON i alloy since
the measured currents at the corrosion potential were Incon s istent with
results obtained from other alloys . Microscopic inspection of the sped-
nten surface revealed crevice corrosion attack at the in terface between
the meta l and the expoxy mounting resin due probably to art lumtpe rfec t sea l
of mount to metal. Results of experiments mi Wh it- Fm t lmis a l loy  has been
tested will be presented in future work. 
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In Figure 3 are plotted the current decay kinetics for the 9 chromniunt
alloy . In this case , there Is a marked differeuice in the potential depen-
dence of the repassivation rate. This effect is particularl y pronounced as
the potential is increased from 150 to 25t~nV SHE . Above 2SOmV , the critical
potential for pitting is exceeded . At 35(~nV , after about 45 milliseconds
there is an abrupt Increase in the rate of curren t decay . This effect Is
probably due to formation of corrosion product at the solution interface
which restricts anodic dissolution.

Figu re 4 shows the repassivat lon kinetics for the 6% alloy . Current
decay kinetics for this and the 3% alloy (figure 5) are markedly decreased
Again , as for the 9% alloy , there Is a potential dependence exhibited for
the rate of current decay . In addition, at the higher applied potential ,
there is an inflection in the current decay plot at 165 mV at about 32 ms.
A simu liar Increase in the rate of current decay Is noted for the 3% alloy
at ~iiV and 25ms. It is Interesting to note that the point in time at
which these inflections occurred in the 9, 6, and 3’~- alloy s corresponds
to approximately the same quantity of consumed change for each alloy , ~0.5
coulombs . This would further support the view that repassivation Is due
in part to the formation some insoluble substance, which precipitat es
at the metal surface when the solubility product of that substance has
been exceeded .

In Figure 6 are compared repassivation rates for the 18, 15, 9, 6
and 3% alloys at thei r respective open circuit or corrosion potentials.
It is ininediately obvious that repassivation is exceptionally difficult
for the 6 and 3% alloys. The difference In repassivation rates become s
much more pronounced under anodic polarization. In Figure 7 are corn-
pared current decay kinetics for all alloys of the series at a given
applied potential of 142mV SHE. From this plot, the set of alloys can be
divided into three groups based upon their rates of repassivation : group
I - 18, 15, 12% Cr , fastest repassivation kinetics; group II - 6, 3% Cr,
s lowest repassivation kinetics ; and group III - 9% Cr; intermediate repas-
s ivat lon rates .

From these results It appears likely that the rate of repass ivatioum
of this family of stainless steels is proportiona l to the concentration
of chromium in the a l loy . It is particularly worthwhile to note that an
area of intermediate repassivation kinetics does exist, between 12 and 6’
chromium. This is interesting because such an intermediate value of re-
passivation rate has long been suggested as being a criteria for prop-
agatlon of sharp cracks during ISCC.

The fact that an Intermediate region of passivat ion behavior ex i s t s
also explains why sensiti zation is considered a necessary but not sufficient
condition for susceptibilit y to ISCC . Areas of the heat affected zone must
be of a certain chromi um concentration (degree of sensit ization ) and in an
area of the metal whe re meta ll ura lca l factors are such t hat crack advance
Is favored .
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Of secondary interest is the observation that, under conditions of
restricted repassivation by the original passive film , current decay is
apparently affected by the formation of another substance at the metal
surface. Perhaps as has been previously suggested , this substance Is a
salt film of limi ted solubility under these conditions of repassivatioru .

Two considerati ons should be made in treating the results obtained
from this study to date :

1) The technique does allow detection of intermediate values of
repassivation behavior. Techniques based upon an analysis of time to
failure or examination of a current -potential plot will not permit such
detecti on since the measured parameters are based upon a cumulative series
of events . No one step of the process can be isolated from the rest.
By using a technique based on repassivation as being the mos t important
step in controlling ISCC susceptibility , measurement of a parameter
which is directly related to the repassivation kinetics of exposed
meta l will provide a more meaningful diagnostic tool.

2) Although the technique can be used to detect values of the
chromium concentration where an alloy becomes susceptible to ISCC, it
is not known at this time if differences in repassivation kinetics can
be measured when the chromi um depletion is restricted to nminute areas
at the surface of the specimen - i.e. adjacent to the grain boundaries
of a polycrystalline material . Specimens have been produced in which the
material has been heat treated to several degrees of sensitization .
Results of their measured repassivation kinetics should answer the
question.

Conc lus ion

1) Repassivation kinetics of Fe-Cr-Ni stainless steels are affected
by variations in the chromium concentration of the alloy .

2) Th’~re ex i sts an intermediate range of repassivat ion behavior
between 12 and 6% chromi um concentration which may be tied to the question
of how sensitization and susceptibility to ISCC are related.

3) Even though chromium depletion is related to repassivation kinetics ,
it is not known whether this technique can detect variations in the repassi-
vation kinetics of material which has been heat treated to differen t degrees
of sensitization . These results will be the subject of the next report.

-43--



_ _ _ _

References

1 . NEDG-21000, Report prepared for Electric Power Research Institue
by A.J .  Giannuzzi , General Electric Proj ect Engineer , BWR Reactor
Systems Depart ment.

2. J. R. Ambrose and J . Kru ger , Corrosion 28. 30 (1972).

3. J. R. Ambrose and J. Kruger , 3. Electrochem . Soc. 121 , No. S., 599
( 19 7 4 ) .

4. OffIce of Nava l Researc h , NAO NR 18-6° NRS Report No.
NBSIR 7” - -5R3, September l°7” .

5. Ibid. , NBS Report No. NBS IR 76-1170 , November 1976.

44



Figure Captions

Figure 1. Plot of anodic current in milliamperes versus time in milli-
seconds for Fe-l8Cr-1ON1 in 1.0 N NaCl solution at 118 , 218,
518 mV SHE.

Figure 2. Plot of anodic current in milliamperes versus time in milli-
seconds for Fe-l5Cr-lONi in 1.0 N MaCi solution at -51 , 49,
an d 249 mV.

Figure 3. Plot of anodic current in milliamperes versus time in milli-
seconds for Fe-9Cr—lONi in 1.0 N MaCi solution at 150, 250,
and 350 mV .

Figure 4. Plot of anodic current in milliamperes versus time in milli-
seconds for Fe— 6Cr-lONi in 1.0 N NaCl solution at -35, 65,
165 nnV SHE.

Figure 5. Plot of anodic current in milliamperes versus time in milli-
seconds for Fe-3Cr-lONi in 1.0 N NaCl solution at — 91 and
9m V SHE.

Figure 6. Comparison of repassivation kinetics for series of Fe-XCr-lONi
(x= 18 , 15 , 9 , 6 . and 3%) at their respective open circuit
potentials.

Figure 7. Comparison of repassivation kinetics for series of Fe-XCr-lONi
(x= 18 , 15 , 12 , 9, 6 , 3% ) at 142 mV SHE.
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PAR1 IV 1 o I t ’  Pub 11 slmi ,I t ni f rIll r d  I nor , ii ‘I F Fm l it  i’rn.t I I titt ,n I
‘ i y I i } il . f u n  out ‘~i - - — , iv lv

( onupos iii on of Surface F I mis Formed Pu ci nq I hi’ Repass i vat I on of lu-ot t a Itd I rout —

Mo I ybden nun Al I

3. R. At mubros t ’
I nms l i t  i t o for Mat ,‘u- I a is I~u’sr~m rch

Mptallu rqy P iv is ion
Nat iona l 13t,rean of Standa rds

W ast u i nqton . 1). C.

flo lyhdeum uun has been In lu s t ’  f(mr sou l, t im ~~’ i s  ~u im I ti lt i (ii F or of i to  d l i  . ed
c orrosion , both is tin al loy l nq addi t ion and ,u: ,u sa l t  (Ii sso I Ved li t t I lt -~ol itt ion
to wtt Ic h the metal i s to hi’ r xpns ed . Al tho mini m t Ito pIt u’nomono 1 oqy of I It’ - j i m —

it I bit Ion has been cha rae ter I t ed l i t  I 1 e proqru’ss ma s heenm nmadr lii dovei op I umq
a coutiprehents i ye undo i-s tand I rtq of- t hi’ lim b I hit ion tnrc haum i sum .

Recent spec troscop Ic surface profil e anm a lyses roqul Ire utow e ~p I aut a —

t l outs for th e I nf l uence of ummo 1 ybdonmuin on PdSS iv I ty and how t Ft Is p.> ss v I t
IS rd ated t i m  propert m s  o f  surface t ii uim s . Auger I 1 oct rout \~l m ’ i 4 l O s t  opv ( -41 s
data have revealed an apparenm t surface depi o t Ion 0 t timo 1 yhdeumuuut m . w lm I el m
occurred in conjusnc t Ion w i th aim I nmcu- (’ased res I st ai im u’ t o 1 oca Ii :11(1 c on- ros I
atta k (1)~ Oitv toss iblo expla um at ion has Ett ’e ii devu ’ l opod I >.

~~~~~ >~e’~lI it’ . obta I tied
from a study into f l i t ’  e f f e c t .  of utuolyt ’d ,u Ii’ lout addi t i otis out p F t  i ’ m of it-on
in chloride solu t b ums (‘) . luilt i h i li on of prop aqa ti umu m of ~m l I - - ap~m ea> - t ’~1 ti m
he related t o timi’ dCCullhiiI d i iOn , ~n assm ’afrd t~~

f’
~ 

of ttt oiy t >dt ’uuii t it , w liiJt —

was thought to he i nm t i m u’ forun of aim i ron mo I ybda to sa l e  f i l m  - i f  f imrrna Ii onm
of such a fI 1 umi were ~~ pons lb 1 e for the > - i’s is t a nmc e of I rout to pi t
propaga t I on In the pre s ence of molyh~ m t i’s , t hen it Is under t imos e co ut —

dl t Ions of rrs tricte d mass transport that. are unos 1 11 kel y t o  t ’~ 1st d un nq
propaga ti on of loca 11 ted corros ion a ttaLk tha t su ch I I ins won 1 d in’ e\ ’,~ I Ott
to be the mos t stahl e and the ttuos t protec t lv i’ - lit onuier to - ‘ I tidy repas s i —

v a t lo n  tinder su ~ - i m m ond i t l im its • a crevic e e lem trod t’ . y s  I t 5Hi w l Fi t  a wi ndow
W,P~ C ( t ut ( i ’ iV e d .

T Fm i s ‘1ys t  ‘ni was des iqned so that  S i t t u u l  4 al it - mimi - 1 utteasu treutteumi itt epf 11 •ul
van u t i out s uum d ol u’i-trocht’nl i - al par1~unn ’ters m out H tie nimade dtur I umq I Ime ou St ’ I
of rev i( :e emi rros ion a t t a c k  ‘)r dui ri nq cathod l d,’tm ,uss I v a t  I t o m  — au mo dj i  n e  -

passivat lon cycles w i thin the crev ice. h owever . l i ) td t  ion of the various
elec trodes—working , referencc . and a u ux Ill a ry — wa such I hat c urn-en I
d is t r ibut ion has umever heeut un iform over f lit ’ exposed su irf ,ut ,‘ of the worl, inq

‘c tro th ’ . I hus . Lint. 11 now , results hav e boon I Intl ted to ant a 1 vses Of
iii rreit I. dec ay cu rves obta ined dun nq repas si vat ion tr1i n’ I enl . It was
~t os si l t  Jo , thon uqh . n’v en wi tho u n I oh t .a I ni nm q umm easu reun on t of f t  In growt It k 1 t i ( ’ I It
to ev a lt t a to the con f r I  bu tt Ion of all oyu’d nmo l yhden uunn to I hi’ u- t ’pa s s I v a t  ion
klnt’t I t s  of i rout ir m clmlorlde sim l u t i  ons tinder fbi’ I nfl lIt ’ui , t’ of a c nov I t o
and t o  SPCCU late on time uuu(’char t lst. I c Inip 11 cat I outs -

Molybdenunm • mtt ‘ Is F imo u- t’pas s I V ol . ion bt’ Iu~v lot - i t t  t h e  a l lum ’,-- ~ li t
tw ø ways:

a) I 1t4 ’ i,m I F Ia I rat t ’ of tu rn o u t dt~ tny Is h t u oport 11>1111 1 to I lie
t iunm rut tra t I on oF t i l t> I yhtit’nuinn ti m I itt’ a Ii umv tmn ti
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Li) the 1 din t i tim of t m int’ dun Inn ~~i t t  ‘ m f l it ’ urr,’Il t m Ot t  I Int ui t ’ s to
dec roast ’ Is ,ul Sm> linopor t l O l l  I I t ’ the O u t  (‘lit raI l  out of utia ly h —

dt’nuunt in t Itt’ ~t l ie’, . I On lOm ’u t l int’ ti n t t’rV i Is I ,‘aif In 1 owen
va lues  of mr t ~’v I ~ t ’ lit res il i u m mt n ~n’ u ’iu I dun imq es Imo s u in ’ e

I~,usemt tin thest ’ i’l Ot I iot bm pt tti m a  I liueasurl’uu,eul Is • i t  wa ’. suqqrs I oil t ima I t Ime
st  aI m i l i t  ‘, of a utu olytm da te -~u 1 F t i  ln’t was a on t n - i  limi t uumq f a t  I t i n ’ to 4 he
rt ’I> ass V O L  ion k iu t o t  It -s m i t  i rout—m o l ~Io tm ’ tmtut ’~ a I I t > ’ , - , and ti m uc~ di n i t  f ly no—
sii iif lsj l i l o I t in ‘o’ observ ed intprovt ’u’ton tt in ~tir ros b u m  i t ’s i ~t~~t lm ~~ t uponi

~~ l u m  t roduum t I onm ot utio lybdu’niu uum i h i t  o f t ’n u- u > m t s  ti ,i ‘,ett a ll tmy ~ (- il -

u - i t  I ca l mIuit ’St I onms renta l it — W iua t Is titu ’ nat uu t ~ tIme repass i v at  I ut q
I i  Itum tinder m-ondi t lons when- c’ i novi ~ t ’ t tm no - ,m:, ion omcuin ’ ’~ , notion what cond i t  mo im s
dot ’s i t  foruit , ~rmd how f.is t does It t I p ~(iW :’ In order to ,u t lswt ’r the f i r s  I
tint ’s II oum the crev i t t ’ el em F rode was rodes I t i n ted  ‘- a I ha t  none uim It  oniit m~ tit’i’Oli t
d i’; t n - i  hunt ion c o m t l  d be ~ictt I t’ved . Fit 11 Owi rig repass I vat  mliii l it an eu mv I rot uttuei mt
koowui to produce’ u’ev ice corros ion • spot I u’meuis wore nt ’tmuov ed and time sui t ’ —
I , t c t ’S  Wen t ’ au m 1u 1 y :e ml by x — ray photoel em tro im S Iit’ ¼ tros m opy ( X P S ) 1 mi dete nm’ti ito

- 
- fi lu mu m mmmn ~,os i ti ont re 1 4 1  vm’ ti m t he  conceit trat ion of ut iolyh tleun uutm lit F lue al l(my

An A I Es ~O0 XPS spem t rouute te n - was tuseml for these s tudi m ’s ; auma lv ‘- i s
iit’rt onuuted by Ni is F. In kso n of the Surface Sm - i m ~nc e Divi s ion , Nat to i iu l
liunt’au of Star mdard s lime rm ’sul t s  of t F i bs s f  idv , whenu coup led wit Ii n t—
sti l t s  present ted in h u r t  red lrig reports ( :‘ . 3 ) , g I vi’ some Inms yt m I ~ In t o  time
i u > I t ’  of no 1 ybdenutmu as aim i u m i m lb i ton of c am os i mm

I \ pt ’t ’ iuite tt t a  1

1 he ~
- n’e vi t - e ci ~ t t  rode ds seut mti I y was v I n t ua II ~y I den I l t d  1 ti ’ t imd

a 1 rt ’,udv ilm ’scnl bed (3) esc ep t  tha t  the glas s disc used t i m Pt’Odut t’ 1 1mm ’ creV icc
was coated ott oute side wi t im a f 1  hi m of t i n t  ox ide .  Si lyon e f t ox ’ , -  W Os used
‘‘tacit a p10cm ’ of plo Ii tm uml wire for  el ec tn mai  m Oi titt’ m t I tnt . l ime el t ’ ~ tt’i ,ui —

lv conduc t Iimq t i n t  os~de ser vc’ ml as ant auu x l  1 lany e lec t  i-ode Imtm 1t t ed w i t  bin the
crev i t e ’ . This part i c u l a r on -I t ’ u m f1u t  1mm of count er to work i nn rico Irt t le .
couip 1 oil wi t i m l iii’ pus i t lo um of tine nm’fe re ime - t ’ e 1 t ’m I reid ’ w i t  hi im t In’ m u t ’v i i i ’ ,
ii~rnti t ted a hot ten - cuinnent di s t n ibuut ion over the won- k I nt q el e m trodi’ s l i t - I  ~ c e
than ha s hoeum t m h  ievod F i t mI ,u to .

S i~ec I utt eu ts of I e - 1 Mo antd Fe — SMo , nma c hi ited Inouum the sante na t e n I a I
tti ’s ritme ’d lit ~wt’v1ous n’ t ’ ports (.‘, 3) to ~?. 5 cm x (1 .1 5 cnut ~ 0,u’~’ mm , W On ’t’
so ml~s I qned I im a t they could Lit ’ pu tt i’d lit time chau ’mhm eu ’ of  111m X PS  s lO’ F no -

uiueten. A sec t ion of t o t  limit nod w as s lot t  i’d In Ot tO f Oe c’ t it hold  F h O  S~ ut ’ m i —

miens • tht ’nm dni II od and tapped t,o rem e’ I ye item u’s san’y t’lee trait Ic onnte’c t l im it s -

Surf ,im i’s wene po l l  shed throuqh SIC papers to a I itt I t~ non d l ~u’mouud pas It’
fin i sim Spec t no went’ oh •tl nod for b oth  conipos I t loins bet ore exptts un-e t o
aity so u th aim ; Xi ’S S i t i l t S  we n’~’ perf ormed to mle te ruut l t ie c oumtpos it i out at the
sui > f ~i m u ’  of t i m e ul n— f (mr uuteml t ilium and aqa i n n  t~> il owl ho an ’qoit ion sp tt t t ori it
to ronmovo t >s  I do flints -

S~m uo jim meu ms ‘,~‘re th en assi ’ tuutml i’d in t int ’ i t  i ’ ,  It e t ’ Iri I i t o h ’ st t’m ~nd
t ’ ’ ,j >t ist ’(l Iii 1ii t ~~~. d i 1)11 hera It ’ h u f f  or S um In t i  ott - t a t  hod it n’ eduu t 1  tm at - -

~

umtV Sill l>i’ t’ m dt lt ’t t n’e I> ,tss I V O tI nit 0 t~ 0 POt t ’utt Ia 1 ot lb .’ utu V Silt . Uuuaimt m l ’ , of
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repassiv ation was mon i tored cou lonmet nicai ly aumd , when 1.15 x 10 2 cou lontbs
ha d been consum ed , the potentiostat was tun ’ut ed off , the electrode disas-
sembled as rapidly as possible , and the working electrode rinsed w i th  spectro
grade niethanol and dried in a streauui of compressed air .  The speci me its were
removed from the teflon holder , wrapped in a piece of lens tissue, placed
in a coin envelope , and transferred to the laboratory where the XPS arma lysis
was performed .

Following analysis, specimens were repositioned in the teflon
mounting adapter and returned to the electroc hem ica l cel l .  This time,
the solution used contained 10 -‘ M sod iunt chloride in the 8.41 ph-i borate
buffer . The experimental pnocedure was Id~u u t it al to that described above.
Howeve r, there was some over run in the charge consumed due to the decreased
repassivat ion kinetics in chloride containing solution. The consistancy
of the consumed charge for all expeniulments was wi thin +2~- . Following
solution exposure , XPS analysis was repeated .

Results

Co~p~~j t i o n s of Film on Fe-Mo Al loys

An XPS spectrum obtained from aim air--formed f i l m  on molybdenum is
shown in figure I. By comparing Mo 3d peak positions in  t h i s  spectrum
with those in a spectru m obtained following f i lm removal by argon lout
~Ar 4’) sputtering , it Is possible to disting uish between elemental and
combined molybdenum. As a firs t approx im ation, quantitativ e relations h ips
were derived fronim calculat ion of peak height ratios of the ne- spect ive
states. For the two Fe -Mo al loys , quanti tat ive results are prese imted in
figure 2 as ratios of eleum mental iron and molybdeituin to their nespe c t iv t ’
combined states. Also presented in figure ~ are the rat ios of total  mo ly t> -
denunm to total iron . Mo/Fe peak height ratios for the ox ide tree s urf aco- ~(Au +) of the Fe-5Mo and Fe-lMo al loys are theunselvu s iii a ra t io  of 5: 1
(3.0 to 0.6) which indicates that the peak height mtuedsure uuie ru t is appro-
priate for estimating surface coutiposition ratios. In fact ,  tine Mo/Fe u-j f los
for the two alloys were in a 5:1 ratio for a l l  surface cond itiorm s s tud ied -

in figure 2 these are denoted as:

Ar~ - film free surface fol lowing Argon ion sputter ing

A i r  f i l m  - air fornmed film following po lishmiu u mu

No (Cl)  - ano di c fi lm grown In absence of chloride Ion

(Cl )  - anodic fi lm grown In presence of chloride ion .

However , Mo/Fe ratios for the respective air’ formed films on each alloy
were substantially less than in the substrate. As f igure 2 shows , (Mo/ Fe) M2.2, and (Mo/Fe)lM0 0.45. This ratio decrease indicates a surface
depletion in the amount of nmolybdenumm re la t ive to li-on in the fi lm.

This apparen t molybdenum deplet io n is even mol t’ pronounced Ium
anodic films grown in the absence of chloride iron . Mo/Fe ratios fun’
Fe-Silo and Fe-l Mo were 1.4 and 0.3, respectiv ely. Furtheru umo re , from figure

L - _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



2 , cot iupar i son of peak hel ghm I rat los f o u - ci euumei l F 1 tic c tuicih i mmcd s ta t e s  for hot it
iron and ntolybd enu tmm fr ud j ,u te that th u r anodic f li ’ -  i s th i ck er tha n the air
formed f i lm.

The last set of r i -su i ts are fro t ’ m anodic po la r izat ion  exp eri m uueu its
inn solutions on ta inhr ty 10 -‘ M NaC 1 . A l l  ra t ios ,  Ft’ ( t j u ) / I  0 (ox )  ‘ MO(fll 1/Mo(~)x) 

, aund
Mo/ Fe, have iutcre as od I im value oven - thos e f mo m’u ox; ’v r~w c n I s  in which r~o
ch loride was bIrese ult in tine so lu t i on  - Tine u- a t  los a ll allpmoaci t those va lues
detenitt i ned for the rospec t i vu’ a i r-  fort uted t i  h uts . It should be renmeunbered
tha t in these ch mlo ride containing solut ions , re pasc iv a t i o um rates for each
allo y were substan tially less than jut non— chloride env iro um m um onts.

Bond i n ~ Cha rac ten ist Irs of Molybdeuuuu t i ~i~n Fl limic omi Fe—Mo Al I mm y s

A compari soum of the spm ’c Ira for a i r—fo mnued fi lmn to time anod ic
fi luim on Fe—SMo obtai nod foi l  am’; I tum repass i vat i  on without chloride ion
is gi ven in fi qui t o  3 . Notic e the appearance of a pea i itt emitted ía I e
be tween the two higher k i n e t i c  energy peaks as we l l  Os a di -~a ppear ’a u mm c
of a low k inet ic energy p c - i k  at ti me lef t  s ide of tim e s jc m c tu ’ uut tm .

S i n c e  rosuu l  t ’ , shown iii m inure :‘ i tmd im ~~t u’ a lan —g e um uo l ~b l m t m u m c m  ul e p l e —
t ion inn the anod i c m ) u m on these al l  oys , t i m e  spec tmunt obta I t ied t n  tin’
anodic f ilm on Fo—5t-1 u~ grown w ith oii~ chlorid e ion com nl d r e f l , c t t ime ile i’ le—
t i on of hi git oxi ddti ou m St a t e  u, +6) itmOl yI)deflUl ’m Lm u ifl b o iu fld s hlu uvt:v , ’t , wh om t Ito
spot : tt ’iwi ob t a ined  for mu anod c f i lm  grown o r - i c —~Mo 1 0 - 1 i s t o i~upa netito that obta l nod for time air— formed f ii ri (f I mire - 1) , a i t  t I l l  to t ime
character is t ics of the air—forn med fj lm  is noted . As tm icted in f i i  c c c
this change I um the XPS spec trurn for the a notl Ii t I It-i is accoimtp~nn I i i  h~an increase in time auitouui t of molyhdenuiuu t re la t ive  to iron.

Chloride i i lr tt s on Fe-Mo A l loys

The chloride absorpt i on itea~~s fo r- both a l l  mt yS t C) b low  i i  r -pas s i VO ti (ill
in chloride so lution at 442 mt mV SHE are compared in f i gure  5. T ht or t ’ i~’substantial ly more chloride present . in t ime Fe— hMo a l loy titan lit the lMo
alloy . It s hould also be noted , however , that  time ra t io  of pedk hel ‘-i hil
for c im loride is not itt the same rat io as the co nc otu I u - a F l o t u s  of m m m mm l yb —
denunm - i .e.  not 5:1. Ra ther, time rat io appeared to he about 2 :1 .

Discussion

Results obtained indicate a synerg is t l i  u- m ’ la t i o iu s i m i p  hetweeim uimo b ’h
dentin and c hloride ion dun ng t he repass i vat ion of i m m  aumm l l i - u fl —l it I ybde uim nuit
alloys . Previ otis stud ies have beem m ¶ ; im ow uu that mitt ) 1 yb de m munm has l i t  t ic  eff u’~ Ion the repassi vat ion of i rouu whether in t i m ,  foru m of ai m a l l oy1  rig a d t i  t i out (3 )
or as an inhi hi tor j ut  lime sol u lion (2 )  tin less cii 1 oricli’ ion is presenmt
in the solution . Tim is -

~ tudy has shown that , unless cii 1 oride ion is p n - o—
sent in solution , nmolyhdenuumt heconmes depl et t ’ t l  j i m anmod Ic f i lms d un im q r&’-
passi vat lon. A previous study (3)  a lso showed tha t  u- c p a  s~ I v at . i on k i n e t i c s
in chloride containirmg solut ions w e ’ re l It - i l l i c i t  l o i m u l  Ic > t ime cnmo ~ ’ u u t  u - a l  l out
of nmolybdenuun ut the alloy . A f inal observa Lion f n-ou im p u-ov i om i s St mid I es (2
3) was that a condi t io rm of u’~’:, tn ’ ic t u -’d sa int i o m m ttm ass t n’a nms lto u’ t m-Ias r, ’qu t I n~ ’d
for tm iolybdenum add i t i orn s to berni ce e f fec t ive .  Ihu’ role of th u n t - - t  i’lt It ’d
mass transport cond I ti on is ii m c t on) y I t >  roil It 0 5 t tutu t on I - ~~ t i  t u ’l a
utt i n intunm vo l ne of concen tra ti on of Mob ), = , butt a 1 so ci un lui l u u utu ’ m a I
of Cl ion t i c  sy ne rg ist ical ly  luttonai t. wi tim the l uthi h c i tom It c h
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The f~ that higher molybdenum co nta ini um q a l l o ys , whic h repassivated
more rapidly, were fotnnd to contain higher amounts of chlorine in the anodic
film further points to a synergistic interaction between the two species .
It is difficult to explain the increased repassivation kinetics Fe-5Mo
over Fe-lb on the ha~,is of an insoluble molybdate sal t  f i lm s ince  XPS
resul ts do not show any enrichment of Mo , even under restricted mass trans-
port conditions, for anodic flints grown without chlorIde ion . In the
presence of chloride ion , however, anodic films are enriched In molyb-
denunt , as well as in c h l o r i n e , at least with respect to films grown with-
out chlorides in solution .

Therefore , although the f oruttation of a ut lolybdate sal t  flint is not
reasonable , the existance o~ a chloride sa l t  f i l u rm is.  The properties
of such a chloride salt film should become iiumporta mmt in controlling repassi-
vat ’on kinetics and in overall resistance to localized corros ion at tack.
The role of m olybdenum appears to be in s t a b i l i z i n g  a ch lor i de s a l t  f i l m
rather than in affecting repassivation of the substrate directly. Sakashita
and Sato (4) have recently suggested that molybdate ion , by adsorption
on a surface film , ~an alter transport properties of that film. The fomnia-
tion of a chloride salt fil uti is suggested by the results shown in figure 5
in which chloride ion concentration at the surface is proportional to
molybdenum concentration in the alloy

Other recently published results on the ef fect  of utm oiy bdenut’t ad-
dit ions to ferric ctcii nl oss steels (5) have also dem onstrated tha t chloride
ion (as well as alloyed chronmiuni ) is required for the beneficial effect
of the molybdenum to be exhibited.

On the basis of these results then , i t  can he conc luded th a t al t houg h
there is a definite increase in the rate of repassivat ion of i ron in chloride
containing solutions as a result of nuolybdenurn addition , t h is beneficial
contribution is not due to the formation of a mtmo ly bdate salt film , but
rather is due to h-he stabilization , by molybdate Ion, of a chloride salt
film. In all probability , howev er , once the repassivation transient Is
over , the chlori de film will eventually hydrolyze to an oxide fi l uut . This
film can also be stabili zed by ntolybdate ion adsorption , as has heeum sug-
gested by Sakashita and Sato (4). This last statement is also consisten t
with what has beer -i observed regarding the inhibition of pit pro pagatio mm ont
iron In chloride so lutions by nmolybdate ion (2) , I n  which moly hden uitn , but
l itt le chloride ion , was found wi thin the repassivated pits .

Conclus ion s

1. Molybde~uumm t is depleted in surface f l~ms on iron—un olytmdenum biiman ’y
al loys.

2. Concentration of molybdenum in surface f l ints Is measurea bly
increased when films are grown in the presence of chloride
ion .
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3. Effective repassivatlon of i ron-emolybdenutti binaries requires
some kind of synergistic interplay between the molybdate and
ch loride ions.

~~~. it  is suggested that MoO~ acts as an Inhibitor ut  two stages :

a) State I - Synergistic interaction with C1 ion to stabilize
a Cl salt film.

b) Stage II - Synergistic interaction wi th an iron oxide to
stabil ize a passive film.
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F i g u r e  Capt ions

Figure 1 XPS spectrogram of air-formed fi lm on pure molybdenum . Plotted
are counts (2-10K) versus energy and shown are the Mo 3d peaks.

Figure 2 Plots of peak height ratio data from Table 1. Shown are Mo/ Fe
for 4 surface conditions of both Fe-ibo and Fe-5Mo alloys as

— well as MO (m) /M (o and Fe (~ ) /Fe (O ratios.

Figure 3 XPS spectra for surface fi lms following anodic passivation at
442 mV SHE wi thout chloride Ion ; (solid l i ne) . Th i s spec trum Is
compared to the spectrum obtained for the air-formed film (dashed
line) on Fe-5Mo . Kinetic energy increases along abscissa.

Figure 4 XPS spectrogram for surface film following anodic passiv at ion
at 442 mV SHE with chloride ion (short dash line); this spectrum
is overlaid on the spectrum obtained for the air-fornmed film on
Fe—5Mo (long dash line ) for comparison.

Figure 5 ComparIson of XPS spectra for Fe-lMo (solid line) and Fe-5Mo
(dashed line ) in chloride solutions after anodic passivation
at 442 mV SHE.
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